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ABSTRACT

ELUCIDATATING GENETIC AND ENVIRONMENTAL INFLUENCES ON ALCOHOL
RELATED PHENOTYPES

by Jacquelyn L. Meyers, B.S.

A thesis submitted in partial fulfillment of the requirements for the degree of Doctor of
Philosophy at Virginia Commonwealth University. 2012.

Major Director: Danielle M. Dick, Ph.D. Psychiatry, Psychology, & Human and Molecular
Genetics

Decades of work has led researchers to believe that risk for complex behavioral
phenotypes, such as alcohol use disorders, is likely influenced by multiple genes of
small effect acting in conjunction with each other and the environment. Currently, the
field of psychiatric genetics is developing methodologies for the identification of genetic
risk variants that predispose individuals to the development of complex behavioral
disorders. Several challenges related to the complex and polygenic nature of these
phenotypes, must be considered. This dissertation study attempts to address these
important challenges in the context of alcohol use disorders and related phenotypes. A
rich twin and family study literature has indicated that 40-70% of the variance in alcohol
use disorders (AUDs) is influenced by genetics. Recent attempts to identify specific
x

genetic risk variants associated with AUDs have been met with limited success.
Meanwhile, evidence of the moderating effects of the environment on AUDs has been
mounting, providing a strong rationale for examining gene-environment interaction. In
the following chapters several studies will be described that integrate established twin
methodologies into gene identification projects in an effort to reduce heterogeneity (both
phenotypic and genotypic), elucidate environmental constructs that moderate genetic
influences, and to enhance statistical power to detect the subtle genetic influences on
alcohol related phenotypes.

xi

GLOBAL INTRODUCTION

Evidence supporting significant heritability for a variety of psychiatric and
behavioral disorders has led to considerable efforts to identify the specific genes
involved. Behavioral disorders are complex genetic traits that are both clinically and
genetically heterogeneous. It is expected that there are multiple genetic loci influencing
the manifestation of and variation in these behaviors, and that these loci vary in the
direction and magnitude of their effects. Further complicating the search for the
biological basis of complex disorders is the influence of the environment, varying in
importance throughout development. Although disorders such as alcohol dependence
are clearly influenced by genetic components, the dissection of these disorders is more
complicated than that originally mapped out by single gene traits. Several challenges
related to the complex and polygenic nature of these phenotypes, including statistical
power and heterogeneity, must be considered. This dissertation study attempts to
address these important challenges in the context of alcohol use disorders and related
phenotypes. The first aim of this dissertation study is to conduct a series of twin
analyses aimed at understanding the genetic architecture across alcohol consumption
and problems. The second aim of this study is to elucidate environments that mask or
exacerbate the genetic influence on alcohol phenotypes. The final aim of this study is to
identify genetic risk variants for alcohol consumption and problems.
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Alcohol Dependence

Genetic studies of alcohol dependence provide an excellent example of the
challenges posed by complex behavioral and psychiatric disorders. There are a variety
of societal problems, such as job loss and the deconstruction of families, which arise
from alcohol use and related behavioral disorders (Kriegbaum et al., 2011), so there is
great demand for research in this area. Decades of twin and family studies have
demonstrated that there are critical genetic and environmental components in the
inheritance of substance use disorders (Kaprio et al., 1987; Heath et al., 1991; McGue
et al., 1992; Kendler et al., 1994; Prescott et al., 2001; Ystrom et al., 2011) and modern
advances in genetics are making it possible to identify specific variants that may
predispose an individual to these disorders. We now know that there is no “gene for
alcoholism” but rather a multitude of genes, each with subtle effects. These genes are
likely to interact epistatically with each other as well as with their biological and external
environments to make an individual more susceptible to the development of these
complex disorders. As our understanding of substance use becomes more refined, we
see that dependence has a complex development that starts with initiation of use
(Dawson et al., 2008).
Twin studies provide an estimation of a trait’s heritability in a population; that is,
what proportion of phenotypic variation is due to genetic variation underlying the trait.
Twin studies accomplish this by comparing phenotypic similarity between monozygotic
13

twins, who share all of their genetic variation, with dizygotic twins, who share (on
average) half of their genetic variation. Measures of heritability are a function of the
specific population. Heritability estimates of substance use disorders are likely to vary
among substances (and the measure of substance use), populations, age, and sex. A
2005 meta-analysis of twin studies has shown that the heritability of all addictive
substances ranges from 40% to 60% (Goldman et al., 2005). A recently published large
male twin study, reported that after accounting for errors of measurement, the
heritability of lifetime history of AD increased from 55 to 71% (Ystrom et al., 2011).
Alcohol dependence is a phenotypically and genetically heterogeneous disorder.
DSM-IV (American Psychological Association, 1994) alcohol dependence is currently
diagnosed by the presence of any three of the following seven criteria: (1) tolerance; (2)
withdrawal; (3) taking the substance in larger amounts than intended; (4) persistent
desire or unsuccessful efforts to cut down on the substance; (5) spending a great deal
of time obtaining or recovering from the effects of the substance; (6) giving up important
recreational, social, or occupational activities as a result of the substance; and (7)
continued use of the substance despite physical or psychological problems caused by
the substance. These alcohol dependence criteria represent a diversity of physiological
and societal consequences of alcohol use. It would seem likely that (1) tolerance and
(2) withdrawal may represent a more physiological response to alcohol and employ a
host of alcohol metabolism genes, while (6) giving up important recreational, social, or
occupational activities as a result of the substance may represent more psychological
behavioral disinhibition, which may employ a different set of genes. Cohesive categories
of symptoms designed to represent the disorder have been created for the purpose of
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characterizing disorders and developing a successful treatment plan. However, recent
twin studies (Kendler et al., 2012) provide support that our biology does not necessarily
respect these same categories. Further, the use of the DSM alcohol dependence
diagnosis in gene finding studies creates a research design which tests if one gene is
associated with seven heterogeneous symptoms. Recently, quantitative measures of
alcohol consumption and problems have gained more attention. Several twin studies
(Whitfield et al., 2008, Grant et al., 2009, Kendler et al, 2010, Dick et al., 2011) have
examined the relationship between quantitative measures of alcohol consumption
(frequency of use, frequency of intoxication, maximum drinks in a 24-hour-period) and
problems (DSM AD, Rutgers Alcohol Problem Index, Michigan Alcohol Screening Test).
While the results from these studies provide varying estimates of genetic correlation, as
a set they suggest that there is both shared and unique genetic liability for alcohol
consumption and problems. In addition, large gene finding projects are beginning to
utilize quantitative measures of alcohol consumption (Schumann et al., 2011, Baik et al.,
2011). Several chapters in this dissertation will utilize alternative, biologically informed,
quantitative measures of consumption and problem drinking, to test hypotheses related
to the etiology of alcohol dependence.

The Externalizing Spectrum

Epidemiologic studies find that individuals rarely abuse a single substance (Swendsen
et al., 2012). Instead, polysubstance abuse and dependence is normative, with high
rates of comorbidity across various drug classes. In addition, individuals with substance
use disorders also exhibit higher rates of other behavioral disorders (Slutske et al.,
15

1998, Krueger et al., 2001; Krueger et al., 2002, Krueger et al., 2005; Hasin et al.,
2011). Twin studies suggest that this comorbidity is due at least in part to a shared
genetic etiology underlying susceptibility to different types of substance use and other
psychopathologies (Kendler et al., 2003, Hicks et al., 2004, Kendler et al., 2011, Hicks
et al., 2011). In 2003, Kendler and colleagues used the Virginia Twin Registry sample to
identify

common

genetic

factors

underlying

substance

use

disorders

and

externalizing/internalizing behavioral disorders (eg, conduct disorder, generalized
anxiety disorder), and found that one common genetic factor accounted for 34% of the
variance in alcohol dependence and 42% of the variance in abuse/dependence on other
drugs (Kendler et al., 2003). This factor also loaded onto adult antisocial behavior and
conduct disorder. These results suggest a common genetic factor for both substance
dependence/abuse and general externalizing psychopathologies.

A number of other studies (Kendler et al., 2006, Dick et al., 2010, Dick et al.,
2011, Edwards et al., 2012) lend further support to the premise that shared genetic
factors influence externalizing disorders. Kendler’s 2006 study also reported that a
latent externalizing factor, constructed of measures of conduct disorder, adult antisocial
behavior, alcohol and drug abuse/dependence, and disinhibitory personality traits, is
highly heritable (80%-85%) (Kendler et al., 2006). Thus, this latent externalizing factor
appears to be more heritable than the individual disorders themselves, which show
individual heritabilities of approximately 50% (Goldman et al., 2005). A final piece of
evidence suggesting a shared genetic liability across externalizing psychopathology
comes from the electrophysiological literature in which a number of electrophysiological
endophenotypes thought to represent markers of genetic vulnerability are shared across
16

the spectrum of externalizing disorders, including alcohol dependence, other forms of
substance dependence, childhood externalizing disorders, and adult antisocial
personality disorder (Dick et al., 2005; Gilmore et al., 2010). In summary, there has
been much evidence to suggest that adolescent externalizing behavior (including drug,
alcohol, and behavior problems) may be an early manifestation of risk to a spectrum of
externalizing disorders (Dick et al., 2008). Thus, to consider each of these disorders in
isolation may lead us to miss important etiological clues. This early indication of genetic
risk for adult alcohol problems can be exploited in longitudinal samples that assess
behavior problems and drinking behavior from adolescence into adulthood. Several
chapters in this dissertation will utilize longitudinal reports of adolescent behavior
problems and alcohol consumption.

Identification of Specific Genes Influencing Complex Traits

Candidate genes may be chosen based on our knowledge of their involvement in
specific biological pathways or systems. For example, genes that are part of the
dopaminergic system are considered candidate genes for drug addiction, at least in part
because of the role of dopamine in the reward pathway. Early studies focusing on
functional candidates (e.g., ALDH2, ADH1B) for alcohol related phenotypes were quite
successful (Gelernter & Kranzler, 2009). The influence of genetic polymorphisms at loci
encoding acetaldehyde and alcohol dehydrogenases on risk for AD in specific
populations is well established, and the mechanism tractable. Alcohol is metabolized to
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acetaldehyde, a toxic intermediary, by alcohol dehydrogenases; acetaldehyde is
metabolized primarily by acetaldehyde dehydrogenases, the most relevant of which is
encoded by ALDH2. Acetaldehyde produces a “flushing reaction” characterized by a set
of uncomfortable symptoms including flushing of the skin, lightheadedness, palpitations,
and nausea. A variant that reduces or eliminates ALDH function (occurring mostly in
Asian populations) is protective against AD (because clearance of acetaldehyde is
impeded), and ADH variants that increase function (and the production of acetaldehyde)
may also be protective (Thomasson et al. 1991; Hasin et al. 2002; Konishi et al. 2003).
A meta-analysis (Luczak et al. 2006) showed that subjects heterozygous for a null
ALDH2 allele have only about one-fourth the risk for alcohol dependence as those with
two functional alleles.
Candidate genes also arise from previous implications of involvement with a trait
from the linkage literature. Two different regions of chromosome 4 have been implicated
in genome-wide linkage scans for alcohol risk variants. These two regions include an
ADH gene cluster, which maps to the long arm of chromosome 4, and a GABAA
receptor subunit gene cluster, which maps to the short arm of the chromosome. ADH4
(Luo et al. 2005a, b, 2006; Edenberg et al. 2006) is one of several disease-influencing
loci in this cluster. Edenberg et al. (1999) demonstrated that the ¡75A allele, at a
promoter polymorphic site in ADH4, has promoter activity that is more than twice that of
the ¡75C allele (Luo et al. 2005 a, b, Luo et al. 2006). Other candidate genes from this
region that are implicated in alcohol related phenotypes include ADH2 (Luczak et al.,
2006), GABRA2 (Edenberg et al., 2006, Covault et al., 2004, Fehr et al., 2006), and
GABRG1 (Ittiwut et al., 2008; Covault et al., 2008; Enoch et al., 2009). Other candidate
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genes initially implicated by linkage studies include the muscarinic acetycholine receptor
M2, CHRM2 (Wang et al., 2004), a class of opioid receptors OPRM1 (Luo et al., 2003;
Zhang et al. 2006), OPRD1, OPRK1 (Gelernter et al., 2007), and the dopamine
receptor, DRD2 (Blum et al., 1991), which is likely related to the effects observed with
ANKK1, NCAM1, and TTC12 (Neville et al., 2004).
While the candidate gene strategy has been successful in a number of studies, it
is largely limited by the scope of our understanding of human biology. The technological
advances that have made it feasible to genotype genome-wide representative SNPs via
SNP chips (Illumina/Affymetrix), has made the advent of genome wide association
studies a solution to some of the limitations of the candidate gene approach. The
genome wide approach has created a more agnostic study design that scans a large
number of individual genomes and provides a genetic comparison of affected cases to
unaffected controls. This strategy removes the biases of a priori gene selection that is
driven by previous implication in the literature, and creates a design for identifying novel
genetic variants involved in human behavior and disease. While this study design has
great potential for success, there are a number of challenges that it creates. In 2007,
The Wellcome Trust Case-Control consortium published a collaborative study that
examined 2,000 cases of seven common complex diseases and a shared set of 3,000
controls in a general population in the United Kingdom2. Of the seven diseases studied,
the most prolific results came for Crohn’s disease (9 SNPs) and Type I Diabetes (7
SNPs), the least prolific results came from Hypertension (0 SNPs), Bipolar disorder (1
SNP) and coronary-artery disease (1 SNP). One of the questions posed by the field
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was what contributed to the limited success of hypertension and Bipolar Disorder, two of
the most common health concerns examined in this study.
In their 1996 paper, Risch and Merikangas (Risch & Merikangas, 1996) detail the
statistical power issues that genome wide research provides us with. Extraordinarily
large sample sizes are required to detect the subtle genetic variants that we believe to
be underlying complex genetic traits. With odds ratios on the order of 1-1.5, complex
traits are in sharp contrast Mendelian traits with large odds-ratios. One of the possible
explanations for the failure to detect genetic variants for hypertension, bipolar and
coronary-artery disease, is that more subjects are required to detect statistically
significant variants. Another possible explanation for the failure to detect genetic
variants is the control sample. One consequence of using a shared control group (for
which detailed phenotyping for all traits of interest is not available) relates to the
potential for misclassification bias: a proportion of the controls is likely to have the
disease of interest and therefore might meet the criteria for inclusion as a case (and
some others will develop it in the future). If 5% of controls meet the definition of cases at
the same age, the loss of power is approximately the same as that due to a reduction of
the sample size by 10%. This is particularly relevant with hypertension and coronary
artery disease, for which it is estimated that 30% of the population is affected. Genomic
association is contingent upon an empirical measure of the phenotype. Hypertension is
a chronic medical condition in which an individual’s blood pressure is elevated. In this
study, Hypertension was defined by blood pressure over 140 mmHg, where normal
blood pressure ranges between 90 and 119 mmHg. Pre-hypertension ranged between
120 and 140 mmHg. A binary definition status forces an arbitrary cut-off value of a
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continuous measure measurement, in this case being blood pressure. This creates a
loss of power both in discarding useful data on “borderline” individuals and by creating a
potentially inaccurate definition of control subjects, who may have some of the common
genetic variants involved in blood pressure levels.

The DSM-IV is the primary

diagnostic system used by clinicians and in many genetic studies of psychiatric
disorders, including Bipolar Disorder. The use of a standardized DSM criterion has
many advantages including (1) decades of research focused on the reliability and
validity of measures, (2) convenience of a standard measure that is widely used and
therefore conducive to collaborative efforts as well as the potential for (3) direct
comparison to achieve replication. This is especially useful in large-scale genetic efforts,
where multiple sites are often needed to collect the required number of affected families
to achieve reasonable power to detect genes in association with complex traits. While
the uses of DSM diagnosis provide advantages, many have argued that they are not
ideal for genetic studies. The stated priority of the DSM1 is to “provide a helpful guide to
clinical practice” (DSM-IV, p. xv), with a secondary goal of facilitating research. While
the DSM’s primary goal is clinical utility, its application in research has become a
standard. These diagnoses are based on patterns of human behavior and are not
necessarily biologically informed. Therefore, it may be more appropriate to use
measures that are biologically informed when searching for genetic variants associated
with complex human disease.

Despite the analytic challenges that conducting GWAS on alcohol dependence
poses, multiple GWAS of alcohol related phenotypes are now underway. In 2009, the
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first genome wide association study (GWAS) on alcohol dependence (AD) was
published (Treutlein et al., 2009). This study included 487 German male inpatients with
alcohol dependence as defined by the DSM-IV and an age at onset younger than 28
years, and 1,358 population-based control individuals. This study also included a followup sample of 1,024 German male inpatients and 996 age-matched male controls. This
initial GWAS implicated two novel intergenic single nucleotide polymorphisms (SNPs)
that reached stringent genome wide significance thresholds required to correct for
multiple testing (rs7590720, rs1344694). Since then, several alcohol dependence
GWAS have been reported and are detailed in Chapter 3. From 2010-2011, six large
GWA studies were published (Lind et al., 2010, Bierut et al., 2010, Edenberg et al.,
2010, Kendler et al., 2011, Heath et al., 2011, Wang et al, 2011), none of which
reported genome wide significant findings. Thus far, two very large alcohol dependence
GWAS have been published in 2012 (Zuo et al., 2012, Frank et al., 2012), both of which
have reported genome wide significant findings. Earlier this year, Zuo and colleagues
combined the Study of Addiction Genetics and Environment (SAGE) data and
Australian family study of alcohol use disorder (OZ-ALC) with the goal of discovering the
novel risk loci for alcohol dependence. The authors reported that variants within
KIAA0040 and the PHF3-PTP4A1 gene complex might harbor a causal variant for AD
(Zuo et al., 2012). Frank and colleagues (Frank et al., 2012) conducted an AD GWAS
on 1,333 German (inpatient) cases and 2,168 German controls and reported genomewide significant support for the role of the ADH gene cluster (ADH1B/ADH1C). In
addition to these AD GWAS reports, several studies have conducted association with
alcohol-related phenotypes, such as alcohol consumption. Many studies have
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suggested that use of a quantitative measure could improve power to detect variants of
small effect (Agrawal et al., 2009). In 2010, Joslyn and colleagues conducted a GWAS
on level of response to alcohol in 367 individuals and reported no genome wide
significant findings. However in 2011, two large studies conducted GWAS on alcohol
consumption (Baik et al., 2011, Schumann et al., 2011) and reported genome wide
significant findings. Baik and colleagues reported genome wide significant signals in (or
near) C12orf51, CCDC63, and MYL2 that were successfully replicated in a sample of
Korean male drinkers; rs2074356, located in C12orf51, was in high linkage
disequilibrium with SNPs in ALDH2, but other SNPs were not (Baik et al., 2011). ALDH2
met genome-wide significance in an alcohol consumption GWAS in a Japanese
population based sample (Takeuchi et al., 2011). The Collaborative Study on the
Genetics of Alcoholism (COGA) has reported associations with alcohol withdrawal
symptoms in KDM4C (Wang et al., 2011b). The largest alcohol related GWAS to date
examined alcohol consumption in 12 population-based samples of European ancestry,
comprising 26,316 individuals, with replication genotyping in an additional 21,185
individuals. SNP rs6943555 in autism susceptibility candidate 2 gene (AUTS2) was
associated with alcohol consumption at a genome-wide significant level (Schumann et
al., 2011). Most recently, Agrawal and colleagues conducted a GWAS on alcohol
craving in 3,976 individuals and reported no genome wide significant findings (Agrawal
et al., 2012).
In reviewing the current state of alcohol dependence GWAS findings, fewer than
half of the published studies report genome-wide significant findings. At this point,
evidence that the genome-wide significant variants implicated in these studies replicate
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in an independent sample is limited. However, there is some suggestion from this
literature that larger sample sizes and quantitative measures of alcohol use may
increase the likelihood (via an increase in statistical power) of identifying genome wide
significant findings. Several chapters in this dissertation will utilize quantitative
measures of alcohol use and problems.

Gene-Environment Interaction

There is an emerging literature documenting how specific environmental factors
moderate the importance of genetic effects. A growing number of variables have been
shown to moderate the relative importance of genetic effects on substance use and
dependence and externalizing behavior. Among the environmental moderators being
studied are childhood stressors (emotional, physical, and sexual abuse), availability and
access to drugs and alcohol, peer-group antisocial and prosocial behavior, religiosity,
parental attitudes toward drugs and alcohol, parental monitoring, and socioregional
factors. Religiosity has been shown to moderate genetic influences on alcohol use
among females, with genetic factors playing a larger role among individuals without a
religious upbringing (Koopmans et al., 1998). Social contact and cotwin dependency
have also been shown to moderate twin similarity, with reduced genetic effects and
enhanced environmental influences among more codependent pairs (Penninkilampi et
al., 2005). Genetic influences on adolescent substance use are also enhanced in
environments with lower parental monitoring (Dick et al., 2007). These analyses
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suggest that when adolescents receive little parental monitoring, it creates an
environment that allows for greater opportunity to express genetic predispositions. The
moderating effects of peer alcohol use on adolescent drinking has been shown to
operate in a similar fashion: among adolescents with a larger number of peers who
used alcohol, there was greater expression of genetic predispositions (Dick et al.,
2007). These findings may reflect a situation in which environments characterized by
low parental monitoring or high peer substance use create opportunity for adolescents
to express genetic predispositions. These results support previous findings from the
Finnish Twin Studies, which indicated that in neighborhoods in which there is less
stability, presumably engendering less community monitoring, there was greater
evidence of genetic influence (Rose et al., 2003; Dick et al., 2009). Conversely, in more
supervised and restricted environments, there was less opportunity to express genetic
predispositions and greater influence of environmental effects. Hicks and colleagues
examined the specificity of each of these environmental risk factors on externalizing
spectrum disorders, including substance dependence/abuse (Hicks et al., 2009). They
concluded that, in the context of environmental adversity, broadly defined, genetic
factors become more important in the etiology of externalizing disorders. In addition,
their results suggest a general mechanism of environmental influence on externalizing
disorders, regardless of the specific form of environmental risk.

These analyses illustrate the importance of incorporating measured aspects of
the environment into genetically informative twin models to understand how specific
environments act and interact with genetic predispositions. They may also have
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implications for studying the risk associated with specific genes. For example, a 2009
study aimed to characterize the pathway of risk associated with GABRA2, a gene
previously associated with adult alcohol dependence, in a community sample of children
followed longitudinally from childhood to young adulthood (Dick et al. 2009). Association
between GABRA2 and trajectories of externalizing behavior was tested from
adolescence to young adulthood and moderation of genetic effects by parental
monitoring was also tested. Two classes of externalizing behavior emerged: a stable,
high externalizing class and a moderate, decreasing externalizing-behavior class. The
GABRA2 gene was associated with class membership, with subjects who showed
persistent increased trajectories of externalizing behavior more likely to carry the
genotype previously associated with increased risk of adult alcohol dependence. A
significant interaction with parental monitoring emerged; the association of GABRA2
with externalizing trajectories diminished with high levels of parental monitoring. In the
last decade, candidate-gene x environment studies have received much attention, both
positive and negative. Most notorious was Caspi’s report that the serotonin transporter
(5-HTT) gene moderated the influence of stressful life events on depression (Caspi et
al., 2003).

This initial report was followed by a plethora of candidate-gene x

environment studies producing mixed results and a largely un-interpretable literature. A
recent review by Duncan and Keller suggested that most positive candidate-gene x
environment findings are false-positives, resulting from low power along with publication
bias (Duncan & Keller, 2011).
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In summary, decades of research has led researchers to the assumption that risk
for complex behavioral phenotypes, such as alcohol use disorders, is likely influenced
by multiple genes of small effect acting in conjunction with the environment. Currently,
the field of psychiatric genetics is developing effective methodologies for the
identification of genetic risk variants that predispose individuals to the development of
complex behavioral disorders. Several challenges related to the complex and polygenic
nature of these phenotypes, including statistical power and heterogeneity, must be
considered. This dissertation study attempts to address these important challenges in
the context of alcohol use disorders and related phenotypes. A rich twin and family
study literature has indicated that 40-70% (Goldman et al., 2005; Ystrom et al., 2011) of
the variance in Alcohol Use Disorders (AUDs) is influenced by genetics. Recent
attempts to identify specific genetic risk variants associated with AUDs have been met
with limited success. Meanwhile, evidence of the moderating effects of the environment
on AUDs has been mounting providing a strong rationale for examining geneenvironment interaction. In the following chapters several studies will be described that
integrate established twin methodologies into gene identification projects in an effort to
reduce heterogeneity, both phenotypic and genotypic, elucidate environmental
constructs that moderate genetic influences, and to enhance statistical power to detect
the subtle genetic influences on AUDs.
The first aim of this dissertation study is to conduct a series of twin analyses
aimed at understanding the genetic architecture across alcohol consumption and
problems. The second aim of this study is to elucidate environments that mask or
exacerbate the genetic influence on alcohol phenotypes. The final aim of this study is to
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identify genetic risk variants for alcohol consumption and problems. In the following
chapters, I will describe several studies that seek to address these research aims (for
each study, the chapter, title, research design, alcohol outcome and age are described
below in table 1). In the first chapter of this dissertation, I will describe a study that
examined the genetic architecture across several measures of young adult (~age 22)
alcohol consumption and problems using twin methodology. In the following chapters, I
will describe two studies that put the information gained from this twin study into use in
genetic association studies, first with a candidate gene (chapter 2) and then on a
genome-wide level (chapter 3). I will then go on to describe three studies that examine
gene-environment interaction across development, first using twin methodology
(chapter 4) to examine whether three environments moderate the genetic influences on
adolescent drinking frequency (ages 14 and 17.5), the second following up on these
effects using polygene scores derived from GWAS data (chapter 5), and the third
examining weather these gene-environment interaction effects observed in adolescence
remain relevant in young adulthood (~age 22) (chapter 6). Finally, I will conclude by
describing a study that examines the relevance of genetic influences on alcohol
consumption across adolescent development and into young adulthood (chapter 7).
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Table 1. Summary of Dissertation Studies
Chapter
(Aim)

Study

Study Design

Outcome

Age

I (1)

Measures of Current Alcohol Consumption
and Problems: Two Independent Twin Studies
Suggest A Complex Genetic Architecture

Twin Study

Alcohol
Consumption
and Problems

22

II (3)

The Association between DRD2 and
Genetically Informed Measures of Alcohol Use
and Problems

Genetic
Association

Alcohol
Consumption
and Problems

25

III (3)

Finntwin12 GWAS of Alcohol Consumption
and Problems

GWAS

Alcohol
Consumption
and Problems

22

IV (2)

Environmental Moderation of Alcohol Use and
Behavior Problems in Adolescence: Specificity
versus Generality of Environmental Risk
Factors

Twin Study

Alcohol
Consumption

14, 17.5

V (2)

Life Events Moderate Genetic and
Environmental Influences on Adolescent
Externalizing Disorders

Twin Study and
Polygene Score x
Environment

Alcohol
Consumption

14, 17.5

VI (2)

The Interaction between Parental Knowledge
in Adolescence and Genetic Risk for Alcohol
Dependence Predicts Adult Alcohol
Dependence

Twin Study and
Polygene Score x
Environment

Alcohol
Consumption

14, 17.5,
22

VII (1)

Genetic Risk for Alcohol and Externalizing
Problems across Time

Twin Study

Alcohol
Consumption

14, 17.5,
22
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Chapter 1

Measures of Current Alcohol Consumption and Problems: Two Independent Twin
Studies Suggest A Complex Genetic Architecture

*This chapter is adapted from the following manuscript:
Dick DM, Meyers JL, Rose R, Kaprio J, Kendler K.S. Measures of Current Alcohol
Consumption and Problems: Two Independent Twin Studies Suggest A Complex
Genetic Architecture. Alcohol Clin Exp Res. 2011 Dec;35(12):2152-61

Abstract

Background: Twin studies demonstrate that measures of alcohol consumption show
evidence of genetic influence, suggesting they may be useful in gene identification
efforts.

The extent to which these phenotypes will be informative in identifying

susceptibility genes involved in alcohol dependence depends on the extent to which
genetic influences are shared across measures of alcohol consumption and alcohol
problems. Previous studies have demonstrated that alcohol consumption reported for
the period of heaviest lifetime drinking shows a large degree of genetic overlap with
alcohol dependence; however, many studies with genetic material assess current
alcohol consumption. Further, there are many different aspects of alcohol consumption
that can be assessed (e.g., frequency of use, quantity of use, frequency of intoxication,
etc).
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Methods: Here we use data from two large, independent, population-based twin
samples, Finntwin16 and The Virginia Adult Twin Study of Psychiatric and Substance
Use Disorders, to examine the extent to which genetic influences are shared across
many different measures of alcohol consumption and alcohol problems.

Results: Genetic correlations across current alcohol consumption measures and
alcohol problems were high across both samples. However, both samples suggest a
complex genetic architecture with many different genetic factors influencing various
aspects of current alcohol consumption and problems.

Conclusions: These results suggest that careful attention must be paid to the
phenotype in efforts to “replicate” genetic effects across samples or combine samples
for meta-analyses of genetic effects influencing susceptibility to alcohol-related
outcomes.
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Introduction
Alcohol dependence is under substantial genetic influence (Dick et al. 2009), and
twin studies demonstrate that measures of alcohol consumption (AC) are under
significant genetic influence as well (Dick and Bierut, 2006; Goldman, 1993; Prescott
and Kendler, 1999; Rose, 1998). That evidence has fostered studies investigating the
extent to which the same genetic factors underlie patterns of consumption and the
development of problems. Data from the Australian twin registry indicated moderate
correlations (r=0.42 for females and r=0.45 for males) between genetic influences on
weekly alcohol consumption and lifetime alcohol problems, and between heavy drinking
and alcohol dependence (r=.63) (Heath and Martin, 1994). More recently, Grant and
colleagues found a genetic correlation of .97 between a composite alcohol consumption
factor score, comprised of drinking measures from the period of heaviest use, and
alcohol dependence symptoms (Grant et al., 2009). Similarly, Kendler and colleagues,
using data from the Virginia Twin Study of Adult Psychiatric and Substance Use
Disorders, found complete overlap between the genetic risk for alcohol dependence and
four measures of alcohol consumption at the time of heaviest intake in females; in men,
the consumption measures captured 85% of the genetic risk for dependence (Kendler et
al., 2010). Both studies concluded that the high genetic overlap between consumption
and alcohol dependence suggests that continuous consumption measures may be
useful in the discovery of genes contributing to dependence risk.
The extent to which genetic influences on alcohol dependence are shared with
genetic influences on measures of alcohol consumption has important implications for
gene identification efforts.

It is more practical to collect information on alcohol
45

consumption from large samples of individuals than to recruit alcohol dependent
probands and appropriate controls and assess psychiatric diagnoses.

Measures of

alcohol consumption also have attractive statistical properties because analyzing
quantitative traits can improve power in association analyses (Agrawal et al., 2009).
While a small number of studies are underway with the express purpose of identifying
genes involved in alcohol dependence (Edenberg et al., 2005; Prescott et al., 2005),
many projects with genetic material have collected data on alcohol consumption,
making it possible to use existing datasets for gene identification, replication, and/or
meta-analyses.

However, the relevance of these findings for understanding

predispositions to develop alcohol-related problems hinges on the extent to which
genes associated with measures of alcohol consumption also relate to alcohol
problems.
One critical aspect that has not been widely addressed in this burgeoning
literature is the fact that there are many different ways to assess “alcohol consumption”,
reflecting the many different aspects and facets of drinking patterns. For example, in
the studies reviewed above, measures of alcohol consumption included frequency
(weekly and annually), quantity by frequency, maximum drinks in a 24-hour period,
frequency of heavy drinking (5+ drinks), and frequency of intoxication. The most recent
studies (Grant et al., 2009; Kendler et al., 2010) addressing genetic overlap have used
measures of alcohol consumption at the heaviest point of drinking. However, many
studies assess current alcohol consumption, rather than lifetime consumption patterns.
Here, we use data from two twin studies to conduct an exploratory set of analyses
examining the extent to which different measures of past year alcohol consumption
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share genetic overlap with various indices of alcohol problems. We test the extent to
which genetic influences are shared across different measures of consumption, and
between these different consumption measures and measures of alcohol related
problems.
Methods
FinnTwin16 (FT16)
FT16 is a population-based study consisting of five consecutive birth cohorts of
Finnish twins. All twins were identified through Finland’s Population Register Center,
permitting exhaustive and unbiased ascertainment. Zygosity was determined using a
well-validated questionnaire completed by both co-twins at the baseline, as described
elsewhere (Kaprio et al., 1991). FT16 consists of twins born 1975-1979 (Kaprio et al.,
2002). The five birth cohorts contained 3065 families of twins in which both twins were
living and residing in Finland at the age of 16.

Details about data collection have

previously been published (Kaprio, 2006; Kaprio et al., 2002). Briefly, four waves of
postal questionnaires were completed at ages 16, 17, 18.5, and as young adults. Here
we analyze data from the most recent questionnaire and focus on alcohol consumption
and alcohol problems in adulthood. The average age for the respondent twins at this
assessment was 24.4 years (SD=1.50, range 22.8- to 27.2), with a response rate of
88.1%. For ease of presentation, this assessment is referred to as age 25 throughout
this paper. Parallel to current practice in gene identification efforts for alcohol
dependence, only individuals who had evidence of alcohol exposure were included in
twin analyses, so that genetic and environmental influences on the decision to initiate
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alcohol are not confounded with genetic and environmental influences on alcohol
consumption or problems. After exclusion of individuals who had not been exposed to
alcohol, data were available for 685 complete pairs of twin brothers (287 MZ and 398
DZ), and 693 complete pairs of twin sisters (378 MZ and 315 DZ).
Measures
Frequency was assessed with the following question: “At the present, how often do you
drink alcohol?’’ Response options included: (1) I don’t use alcohol; (2) Once or year or
less frequently; (3) 3-4 times a year; (4) About once in two months; (5) About once a
month; (6) A couple times a month; (7) About once a week; (8) About twice a week; (9)
Daily. Note that responses were reverse-coded from the actual order asked so that
higher numbers reflected more drinking across all items used in analyses.
Frequency x Quantity was a composite of two items; the frequency of reported alcohol
use in the past 28 days multiplied by the quantity of drinks (drinks defined as 1 beer, 1
glass of wine, or 1 mixed drink containing hard liquor) consumed per drinking day during
the past 28 days. Because this measure was highly skewed, with over representation of
those who drank on less than one occasion in the past 28 days, we log-transformed this
variable.
Frequency of Heavy Drinking was assessed with the following question: “At the
present, how often do you within one occasion use more than five bottles of beer, or
more than a bottle of wine, or more than half a bottle of hard liquor?” Response options
included:
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(1) I don’t use alcohol; (2) Never; (3) Once or year or less frequently; (4) 3-4 times a
year; (5) About once in two months; (6) About once a month; (7) A couple times a
month; (8) About once a week; (9) About twice a week; (10) Daily.
Frequency of Intoxication was assessed with the following question: “At the present,
how often do you use alcohol to get drunk?” Response options included: (1) I don’t use
alcohol/Never; (2) Once or year or less frequently; (3) 3-4 times a year; (4) About once
in two months; (5) About once a month; (6) A couple times a month; (7) About once a
week; (8) About twice a week; (9) Daily.
Maximum Drinks (Max Drinks) was the maximum number of drinks twins reported ever
consuming in a 24 hour period, with 1 drink defined as 1 beer, 1 glass of wine, or 1
mixed drink containing hard liquor. Responses ranged from 1-100 (mean= 16.49,
SD=9.46).
The Malmo-modified Michigan Alcohol Screening Test (Mm-MAST;(Kristenson and
Trell, 1982)) is a 9-item self-report scale of current drinking patterns and problems
designed for application in Nordic cultures (Seppa et al., 1999). Representative items
include taking a drink before going to a party, increased tolerance over time, and having
difficulty not drinking more than one’s friends. Our scale added two items more directly
overlapping DSM diagnostic criteria: finding it hard to stop after having had a drink and
feeling that someone close to you thinks you should drink less. Each of these questions
was asked of “current and past drinking habits” and had a “Yes” or “No” response
option. For those twins who answered at least 9 of the 11 items, we calculated a
MmMAST score by taking the average response (yes/no) across the number of items
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answered. This scoring method permitted us to retain participants who completed the
majority of the items but who may have neglected to answer a few of them.
Alcohol Problem Index (RAPI) is a reliable 22 item scale designed to assess
problematic drinking (White and Labouvie, 1989). The RAPI contains items assessing
dependence, withdrawal, blackouts, neglect of responsibilities in several domains,
shame and/or embarrassment to self or others, and inappropriate behaviors such as
fighting. Individuals indicated how often each consequence of alcohol use had
happened in the past twelve months using the following five response options: (1)
Never/I don’t use alcohol, (2) Rarely, (3) Sometimes, or (4) Quite often. For subjects
who answered at least 18 of the 22 items, we calculated a RAPI severity score by taking
the average response (1-4) across the number of items answered.
Because of the limitations of the genetic statistical analysis program, we were
unable to simultaneously analyze both continuous and ordinal variables; thus, we
collapsed the drinking measures into four categories (once individuals who had
indicated that they do not use alcohol were removed). An alcoholic drink was defined as
“one bottle of beer, one glass of wine or one shot of liquor” across all questions. For
drinking frequency, frequency of heavy drinking, and frequency of intoxication, these
categories were (1) About 1- 4 times a year, (2) About once in two months, (3) About 12 times a month, (4) About 1-2 times a week. Maximum Drinks, the MmMAST, and
RAPI scores were each collapsed into five levels using the SAS System’s univariate
quintiles procedure, where the first level contains those individuals lowest on problem
drinking and the fifth level contains those highest on problem drinking (SAS, 20022003).
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Virginia Adult Twin Study of Psychiatric and Substance Use Disorders
(VATSPSUD)
Participants in this study derive from two inter-related studies of Caucasian
same-sex twin pairs who participated in VATSPSUD (Kendler, 2006). All subjects for
the VATSPSUD were ascertained from the population-based Virginia Twin Registry
formed from a systematic review of birth certificates in the Commonwealth of Virginia.
Female-female twin pairs (FF), from birth years 1934-1974, became eligible if both
members previously responded to a mailed questionnaire in 1987-1988, the response
rate to which was approximately 64%. Zygosity was determined by discriminate function
analyses using standard twin questions validated against DNA genotyping in 496 pairs
(Kendler and Prescott, 1999). All female-female data on AC and AD used in this report
were collected at the fourth wave of interviews (FF4), conducted in 1995-1997. For this
wave, we succeeded in interviewing 85% of the sample who had responded to the
previous questionnaire. Data on the male-male (MM) pairs, birth years 1940-1974,
came from a sample initially ascertained directly from registry records, which contained
all twin births. The first interview (MM1) was completed largely by phone in 1993-1996
and obtained a 72% response rate. This was followed by a second wave of interviews
(MM2), conducted in 1994-1998 with a follow up response rate of 83%. Data on AC and
AD were collected at both of these waves. We used the measures of drink frequency,
regular quantity, maximum quantity and AD from MM1 because of the larger sample
size, but frequency of intoxication was only assessed at MM2 and so those data were
used. The mean (SD) age of the twins was 36.3 (8.2) at the FF4 interview and 35.5
(9.1) at the MM1 interview. Note, that the FT16 sample is age standardized (~age 25)
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and differs in this sense from the wide age range covered in the VATSPSUD sample.
The VATSPSUD alcohol section began by asking about any lifetime alcohol use. In our
FF4, MM1 and MM2 interviews, 8.0, 5.0 and 4.3% of participants respectively denied
any lifetime alcohol use and were excluded from all subsequent analyses. After
excluding abstainers, the total sample size on which we had data for AC and AD was
5,073 and consisted of 1,766 complete pairs and 893 twins whose cotwins did not
participate. By zygosity, the numbers of complete pairs were: monozygotic (MZ) male
twins 613; dizygotic (DZ) male 435; MZ female 440 and DZ female 278.
Measures
Frequency was assessed by the following question: “In a typical month over the last
year, how often do you drink alcohol?” Response options included: (1) 1-3, (2) 4-9, (3)
10-15, (4) 16-27 and (5) 28-30 days per month.
Regular Quantity was assessed with the following question on drinking habits in the
past year: “On those days when you drank, how many drinks did you usually have in a
day?” Response options included: (1) 1-2, (2) 3, (3) 4-5, (4) 6-9 and (5) ≥ 9 drinks/day.
Frequency of Intoxication was assessed with the following question: “During the past
year, how often did you use alcohol to get drunk?” Response options were: (1) 1-2, (2)
3-5, (3) 6-7, (4) 8 and (5) 9-11 times/year.
Maximum Drinks was assessed with the following question: “What is the largest
number of drinks you had on any single day during the past year?” Response options
were: (1) 1-5, (2) 6-9, (3) 10-12, (4)13-20, and (5) ≥ 21 drinks/day.
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DSM-IV AD Symptoms were assessed for lifetime in the interviews based on seven
DSM-IV criteria (American Psychological Association, 1994), and was the only
VATSPSUD measure that did not reflect current alcohol problems.
Multivariate Cholesky
A multivariate Cholesky model was used to estimate genetic and environmental
influences across the measures of consumption/problem drinking (Neale and Cardon,
1992). Analyses were conducted separately using the measures available in each
sample. The Cholesky model allows us to evaluate (1) the magnitude of genetic and
environmental influences on each phenotype and (2) the extent to which these
influences contribute to the covariation between the phenotypes.

Phenotypic variance

was decomposed into three components: variance due to additive genetic factors (a2);
variance due to shared environmental factors (c2); and variance due to non-shared
environmental, or individual-specific, factors (e2). Calculation of variance accounted for
by each of these factors is performed by comparing monozygotic twin correlations to
dizygotic twin correlations. Genetic influences correlate 1.0 between monozygotic (MZ)
twins, who share all of their genetic variation identical-by-descent, and 0.5 between
dizygotic (DZ) twins, who share, on average, 50% of their segregating genes, as do
ordinary siblings. Common/shared environmental effects, as defined in biometrical twin
modeling, refer to all environmental influences that make siblings more similar to one
another. By definition, these influences correlate 1.0 between both MZ and DZ twins.
Unique/nonshared environmental influences are uncorrelated between co-twins and
have the effect of decreasing the covariance between siblings. When data on multiple
phenotypes are available, these models can be extended to evaluate the extent to
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which genetic and environmental contributions to the disorders are shared. This is
calculated by comparing cross-twin, cross-trait correlations, with the logic extended from
the basic twin model that comparison of the cross-twin, cross-trait correlations between
MZs and DZs provides information about the extent to which a2, c2, and e2 contribute
to the phenotypic correlations between traits.
The full model (depicted in Figure 1 for Finntwin16 and Figure 2 for the
VATSPSUD) calculated variance components separately by sex. Thresholds for each
variable were adjusted by age to account for the variability in age in the samples.
Additional models were tested to evaluate goodness-of-fit in which estimates of the
variance components were constrained to be equal across sex. Estimates were
obtained from observed twin data using maximum likelihood estimation in the software
program Mx (Neale et al., 1999). Model fit was evaluated by Akaike’s Information
Criterion (AIC), and the probability (p) value associated with the χ2 statistic. Lower AIC
values indicate an optimal balance between explanatory power and parsimony.
Additionally, nonsignificant χ2 values (p >. 05) indicate a good fit. We compared nested
alternative models by the change in chi-square between models, which is used to
evaluate the significance of dropping parameters. A significant change in χ2 (p < .05)
for the difference in degrees of freedom of the models indicates that the model with
fewer degrees of freedom should be adopted, because the gain in degrees of freedom
of the alternate model caused a significant decrease in fit. Missing data were handled
by reading raw data into Mx and fitting to the observed and unobserved data vectors
using full information maximum likelihood estimation.
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Results
FinnTwin16
Table 2 details the phenotypic correlations across the different measures of alcohol
consumption and problem drinking. Polychoric correlations were computed on only one
twin from each pair, chosen randomly. Table 3 shows the MZ and DZ twin correlations
for each of the measures. The results of the series of models fit are shown in Table 4.
Table 2. FinnTwin16 Phenotypic Correlations between Measures of Alcohol
Consumption and Problems
Measure

Freq

Freq x
Quant

Freq of
Heavy

Freq of
Intox

Max
Drinks

MAST

Frequency

1

Freq x Quant

.77

1

Freq Heavy

.73

.79

1

Freq Intox

.73

.80

.91

1

Max Drinks

.46

.53

.56

.53

1

MAST

.33

.41

.44

.45

.39

1

RAPI

.23

.31

.34

.35

.26

.47

RAPI

1

Note: all correlations significant at p<0.001

Table 3. FinnTwin16 MZ and DZ Correlations between Measures of Alcohol
Consumption and Problems
Measure

MZ Females

DZ Females

Frequency
.59
.43
Freq x Quant
.45
.30
Freq Heavy
.54
.34
Freq Intox
.64
.38
Max Drinks
.55
.35
MAST
.55
.34
RAPI
.43
.23
Note: all correlations significant at p<0.001
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MZ Males

DZ Males

.75
.61
.64
.65
.65
.63
.52

.47
.37
.42
.45
.29
.52
.25

We initially fit a full Cholesky model including full A, C, and E matrices separately
for each sex (AIC=5967.906, DF=16618) (Model I in Table 3). Next we tested a model
in which we constrained all parameters to be equal in males and females (Model II).
The AIC decreased and the χ2 change was non-significant for the change in degrees of
freedom, indicating that the more parsimonious model constraining males and females
to be equal provided a better fit.

We next tested a model including full A and E

matrices, and dropping the full C Matrix representative of all shared environmental
influences (Model III). The AIC decreased and the χ2 change was nonsignificant for the
change in degrees of freedom, indicating that the more parsimonious model dropping all
shared environmental influences on the measures provided a better fit. Models IV – VI
are submodels that test for a reduced number of genetic factors. We systematically
tested the significance of each genetic factor and each pathway in the following
sequence: (1) tested the significance of the entire A matrix; (2) tested the significance of
each latent genetic factor; (3) tested the significance of each individual genetic pathway.
Each of the pathways retained in the Best Fitting Model is by definition significant.
Table 4. FinnTwin16 Model Fitting Results
Model
∆ X2

Compared
to Model

∆ Fit
Probability
∆ DF

I*
Full Model
---II
Sexes equated
I
16.60
0.96
III
C Matrix dropped
II
60.05
0.98
IV
A1
III
337.39
0.00
V
A1 + A2
III
216.36
0.00
VI
A1 + A2 + A3
III
145.48
0.00
VII^
A1 + A2 + A3 + A4
III
111.60
0.12
Fit of Model I: − 2LL = 39203.91, df = 16618, AIC = 5967.91
^

Best fitting model.
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-84
28
21
15
10
6

∆ AIC
-39.39
107.95
+127.39
+18.36
+145.48
78.36

Figure 1. FinnTwin16 Full Twin Model

Model IV allows for only one latent genetic factor (A1 in Figure 1), Model V allows
for two latent genetic factors (A1 and A2), and Model VI allows for three latent genetic
factors (A1, A2, and A3). For each of these submodels, the AIC increased and the χ2
change was significant for the change in degrees of freedom, indicating that these
models provided a worse fit to the dat
data. The best-fitting
fitting model (Model VII; shown in
Figure 3), obtained by systematically dropping parameters based on order of magnitude
until no further pathways could be dropped without causing a significant decrease in fit,
allowed for four latent genetic factors. Additionally, this model dropped the individual
pathway from the third latent genetic factor (A5 in figure 1) loading onto the RAPI. This
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model indicates that genetic variance across the measures of alcohol consumption and
problems are accounted for by multiple latent genetic factors. The genetic correlations,
computed for each pair of variables as the covariance of the two measures divided by
the square root of the product of the variances of each of the measures, are shown in
Table 4.

They range from .45 (frequency of alcohol use with max drinks) to .99

(frequency of heavy drinking and frequency of intoxication).

VATSPSUD
Table 5 details the phenotypic correlations across the different measures of
current alcohol consumption and lifetime symptoms of problem drinking. Polychoric
correlations were computed on only one twin from each pair, chosen randomly. Note
that while FT16 phenotypic correlations ranged from 0.25-0.75, VATSPSUD phenotypic
correlations were somewhat higher ranging from 0.53-0.84. Table 6 shows the MZ and
DZ twin correlations for each of the measures. We fit a series of models paralleling
those fit in the FT16 data, as described above. The results of those models are shown
in Table 7. Constraining all parameters to be equal in males and females (Model II),
and dropping the full C Matrix (representing all shared environmental influences; Model
III) provided better fits to the data, as indicated by decreases in the AIC and a
nonsignificant χ2 change. A systematic series of fitting submodels to test the
significance of the individual genetic factors/pathways resulted in the best fitting Model
VII, shown in Fable 4. Parallel to the results from the FinnTwin16 data, this model
contained multiple latent genetic factors across the measures of alcohol consumption
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and alcohol problems. Genetic correlations for this sample are shown in Table 8, and
range from .76 (drinking frequency and quantity) to .96 (drinking quantity and max
drinks).

Table 5. VATSPSUD Phenotypic Correlations between Measures of Alcohol Consumption
and Problems
Drinking
Drinking
Frequency Quantity
Frequency
1
Quantity
.53
1
Freq of Intoxication .73
.76
Max Drinks
.68
.84
DSM AD Symptoms .73
.70
Note: all correlations significant at p<0.001
Measure

Frequency of
Intoxication

Max
Drinks

DSM-IV
AD Sx

1
.79
.80

1
.79

1

Table 6. VATSPSUD MZ and DZ Correlations between Measures of Alcohol Consumption
and Problems
Measure

MZ Females

DZ Females

Frequency
.56
.34
Quantity
.39
.24
Freq of Intoxication
.48
.29
Max Drinks
.48
.30
DSM AD Symptoms
.47
.27
Note: all correlations significant at p<0.001
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MZ Males

DZ Males

.46
.42
.46
.53
.48

.29
.24
.29
.34
.24

Table 7.. VATSPSUD Model Fitting Results
Model

∆ Fit
Compared
∆ X2
Probability
∆ DF
∆ AIC
to Model
units
I*
Full Model
-----II
Sexes equated
I
9.42
0.86
45
20.58
III
C Matrix dropped
II
34.42
0.87
15
55.57
IV
A1
III
220.71 0.00
10
23.72
V
A1+A2
III
199.32 0.00
6
47.36
VI
A1+A2+A3
III
185.44 0.00
3
56.44
VI
A1+A2+A3+A4
III
74.08
0.05
1
58.09
VII^
A1+A2+A3+A4+A5 III
35.96
0.90
3
60.04
* Fit of Model I: − 2LL = 43147.81, df = 17540, AIC = 8067.81; All subsequent models
are compared to Model I.
^
Best fit model.
Figure 2. VATSPSUD Full Model

In summary, the best fitting model across both samples indicated that a single
latent genetic factor cannot explain the genetic influences on all consumption and
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problem measures. Rather, several latent genetic factors are needed (Figures 3 and 5).
The first
rst (A1) loads most heavily on the frequency items, but retains considerable
influence across the other items. A second latent genetic factor (A2) loads more heavily
on the heavier drinking items but again retains considerable influence on all items.
Additional
ional latent genetic factors are more specific to other consumption measures, with
both samples showing some latent genetic influences specific to measures of alcohol
problems (unshared with any of the measures of consumption).
Figure 3. FinnTwin16 Best Fitting Model: Additive Genetic Pathways
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Figure 4. VATSPSUD Best Fitting Model: Additive Genetic Pathways

The goal of these analyses was to examine the underlying genetic architecture
across measures of consumption and alcohol problems; accordingly, we did not test any
models in which we dropped any component of the E matrix for either sample. Path
estimates for the E parameters from the best
best-fitting
fitting models for the FinnTwin16 and
VATSPSUD samples are shown in Figures 4 and 6, respectively.
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Discussion
The initial genome-wide association studies have taught us that very large
sample sizes will be necessary to identify genes of small effect (Wellcome Trust Case
Control Consortium, 2007), as are assumed involved in psychiatric and substance use
disorders. Failure to identify robust genetic effects reaching genome-wide significance
has led to large-scale meta-analytic efforts (McMahon et al., 2010).

But often the

increase in sample size comes with a reduction in phenotypic specificity, because
different assessment measures or outcomes have been used across different samples.
Rather than assuming that different measures are influenced by the same genetic
factors, twin studies provide a method to explicitly evaluate these relationships. In this
study, we examined the genetic architecture across different measures of current
alcohol consumption and problems in two independent twin samples from two different
cultures: FinnTwin16 and the VATSPSUD. Previous analyses found a large proportion
of overlap in the genetic factors that influence alcohol dependence and measures of
alcohol consumption during the heaviest period of drinking. Our analyses also suggest
considerable overlap of genetic influences across different indices of current drinking
and different measures of alcohol problems, across both samples, as evidenced by
genetic correlations ranging from .45 to .99.

Across both samples, frequency of

intoxication and quantity of alcohol use were more strongly genetically correlated with
alcohol problems than frequency of use. The Kendler et al (2010) study of lifetime
indices of consumption also found that drinking frequency had the lowest shared
genetic overlap with alcohol problems. The Grant et al 2009 study only evaluated a
composite consumption factor score, making it impossible to evaluate differential
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informativeness of various drinking indices. However, the available data from this study
and the Kendler study suggest that quantity of alcohol consumption and frequency of
heavy drinking or intoxication have greater shared genetic overlap with alcohol problem
measures than measures of the frequency of alcohol use, which likely reflects a number
social factors as well.

Overall, genetic correlations were higher in the VATSPSUD

sample, which may reflect the somewhat older mean age of the sample (36 versus 24
years of age) and more stabilized drinking patterns as individuals move further into
adulthood. This suggests that meta-analytic studies may want to test for heterogeneity
across samples according to age when using studies assessing consumption to
replicate genetic findings originally identified with alcohol dependence, as drinking
indices among slightly older adults may be more genetically correlated with alcohol
problems than among younger adults, for whom drinking patterns are still more
transitional.
Despite high genetic correlations, across both samples the genetic architecture is
complex. A single latent genetic factor influencing all the consumption measures did
not provide a good fit to the data in either sample. Rather, there are several different
genetic factors that influence different measures of alcohol consumption. This indicates
that there is not complete overlap across measures of alcohol consumption and alcohol
problems, and there are different genetic influences impacting different indices of
drinking. This has implications for gene identification studies in the area of alcohol
dependence. It suggests that there are valid reasons why genetic findings may not
“replicate” across studies that have assessed different aspects of alcohol use and
dependence. In practice, this has already been seen in candidate gene studies, where
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genes have been associated with aspects of alcohol use, but not with alcohol
dependence diagnoses (Dick et al., 2005; Foroud et al., 2007). Meta-analytic efforts
that combine different indices of alcohol use and alcohol problems may enhance power
to detect genetic influences that are shared across these measures, but they may miss
some genetic influences specific to different aspects of alcohol use.
These findings should be interpreted in the context of several limitations.
Although we believe that the demonstration of similar effects across two independent
samples is a strength of the study, we note that the exact measures of alcohol use and
alcohol problems collected in the two projects differed. Even when the construct was
the same (e.g., drinking frequency), the exact wording of the item and response options
varied across the samples. Differential reliabilities and distributional properties of the
items could have influenced the emergent genetic factor structures.

Differences in

psychometric properties across the samples likely contributed to some of the observed
sample variability. We believe that the convergence of results across these studies is
notable, given that the samples contained slightly different measures of current
consumption and different indices of problem drinking, covered different age ranges (the
FT16 sample was limited to young adults while the VATSPUD sample covered a much
broader age range of adults), and come from different drinking cultures. Another
potential limitation of this study was choice of statistical model. In this manuscript, we
chose to use a cholesky decomposition model. However, other models such as an
independent pathway model and common pathway model could have been used to test
this research question.
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In summary, our analyses are consistent across two independent twin samples in
finding fairly high genetic correlations across current alcohol consumption measures
and alcohol problems.
(frequency

of

This is true across several different indices of consumption

drinking,

quantity

of

alcohol

use,

frequency

of

heavy

drinking/drunkenness) and using different measures of alcohol related problems
(MMAST, RAPI, DSMIV symptom counts). Frequency of drinking appears to be the
least genetically correlated with other measures of alcohol (less so than quantity of
alcohol use/frequency of heavy drinking or drunkenness), suggesting there is more
unique environmental variance on this aspect of alcohol use. This suggests that this
measure may be least likely to “replicate” genetic effects identified with alcohol
dependence. Both samples indicate that there is not a single genetic factor responsible
for the phenotypic overlap between different measures of consumption and problem
use. Accordingly, combining studies using different indices of alcohol use and problems
may help increase power to identify shared genetic influences, but may introduce noise
if the gene under study is more specific to a particular aspect of alcohol consumption.
Creating multivariate genetic factor scores that take into account the extent to which
different indices of alcohol use are reflective of the underlying genetic predisposition
allows researchers to capitalize on all available information, while taking into account
the differential informativeness of various indices of use. This illustrates one of the
ways in which twin studies remain informative in the evolving era of gene identification.
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Chapter 2
The Association between DRD2/ANKK1 and Genetically Informed Measures of Alcohol
Use and Problems
*This chapter is adapted from the following manuscript: Meyers JL, Nyman E,
Loukola A, Rose D, Kaprio J, Dick DM. The Association between DRD2/ANKK1 and
Genetically Informed Measures of Alcohol Use and Problems. Under review in Addiction
Biology.

Abstract
Background:

In

1991,

Blum

and

colleagues

first

reported

an

association

between DRD2 and alcoholism. While there have been subsequent replications of this
genetic association, there have also been numerous studies that failed to detect an
association between DRD2 and alcohol dependence. We propose that one aspect
contributing to this inconsistency is the variation in alcohol phenotype used across
studies.
Methods: Within the population based Finnish twin sample, FinnTwin16, we previously
performed multivariate twin analyses to extract latent genetic factors which account for
the variation across seven measures of alcohol consumption (frequency of drinking,
frequency x quantity, frequency of heavy drinking, frequency of intoxication, and
maximum drinks in a 24 hour period) and problems (the Rutgers Alcohol Problem IndexRAPI and the Mälmö-modified Michigan Alcohol Screen Test - MmMAST). In the
present study, we examined the association between thirty-one DRD2/ANKK1 SNPs
and the genetic factor scores generated by twin analyses. We focus on two of the
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genetic factors: a general alcohol consumption and problems factor score which
represents shared genetic variance across alcohol measures, and an alcohol problems
genetic factor score which loads onto the two indices of problematic drinking (MAST
and RAPI).
Results: After correction for multiple testing across SNPs and phenotypes, of the thirtyone SNPs genotyped across DRD2/ANKK1, one SNP (rs10891549) showed significant
association with the general alcohol consumption and problems factor score (p=0.004),
and four SNPs (rs10891549, rs1554929, rs6275, rs6279) showed significant association
with the alcohol problems genetic factor score (p=0.005, p=0.005, p=0.003, p=0.003).
Conclusions: In this study, we provide additional positive evidence for the association
between DRD2/ANKK1 and alcohol outcomes, including frequency of drinking and
drinking problems. Additionally, post hoc analyses indicate stronger association signals
using genetic factor scores than individual measures, which suggest that accounting for
the genetic architecture of the alcohol measures reduces genetic heterogeneity in
alcohol dependence outcomes in this sample and enhances the ability to detect
association.
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Introduction

Alcohol consumption and problems are complex human behaviors that are
influenced by both genetic and environmental risk factors (Kendler et al., 1992; Kendler
et al., 1994). One strong candidate gene for alcohol-related outcomes is the dopamine
receptor D2 gene (DRD2). In 1989, it was hypothesized that the rewarding effects of
alcohol are mediated through the mesolimbic dopamine system (Wise and Rompre,
1989). The association between DRD2 and alcoholism was first reported by Blum and
colleagues, who found that an increased frequency of the Taq1A1 restriction fragment
length polymorphism was observed in postmortem brain tissue from severe alcoholics
(as compared to nonalcoholic controls) (Blum et al., 1991). Since this initial report, there
has been an extensive literature examining the relationship between DRD2 and alcoholrelated outcomes. While there have been subsequent replications of this genetic
association (Blum et al., 1991; Comings et al., 1991; Parsian et al., 1991; Amadeo
et al., 1993; Noble et al., 1994; Higuchi et al., 1994; Neiswanger et al., 1995; Hietala
et al., 1997; Kono et al., 1997; Ishiguro et al., 1998; Noble, 2003; Foley et al.,
2004; Konishi et al., 2004), there have also been numerous studies across a variety of
samples, populations, and study designs which fail to find an association between
DRD2 and alcohol outcomes (Arinami et al., 1993; Bolos et al., 1990; Chen et al., 1996,
1997, 2001; Cook et al., 1992; Cruz et al., 1995; Edenberg et al., 1998; Gelernter and
Kranzler, 1999; Gelernter et al., 1991; Goldman et al., 1992, 1997; Lee et al.,
1999; Lobos and Todd, 1998; Lu et al., 1996; Parsian et al., 2000; Sander et al., 1995,
1999; Schwab et al., 1991; Suarez et al., 1994; Turner et al., 1992; Waldman et al.,
1999).

Critics have proposed that much of this mixed literature resulted from the
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limitations of early genetic studies including small sample sizes and limited ability to tag
all regions of a gene. However, results from more recent genetic association studies
remain inconsistent with both positive (Hack et al., 2010, Filbey et al., 2011; Landgren
et al., 2011; Van der Zwaluw et al., 2011; Bhaskar et al., 2011) and negative
(Kasiakogia-Worlley et al., 2011; Creemers et al., 2011, Heath et al., 2011, Wang et al.,
2011, Luo et al., 2011, Schumann et al., 2011) evidence for association between DRD2
and alcohol problems. Interpreting this literature is further complicated by the 2004
discovery that the Taq1A polymorphism that had been most extensively studied was
actually located 10 kb downstream from DRD2 in a neighboring gene, ankyrin repeat
and kinase domain containing 1 (ANKK1) (Neville et al., 2004). The Taq1A variant is
located within an exon of ANKK1, causing a non-synonymous coding change that may
affect the substrate binding specificity of the gene product. It has been hypothesized
that ANKK1 may be involved in the dopaminergic reward pathway through signal
transduction (Neville et al., 2004). There have been many reviews of the DRD2
literature that provide detailed analysis of the variation across these genetic association
studies (Goldman, 1998; Noble et al., 2000, Le Foll et al., 2009). However, little
attention has been given to variability in the measurement of alcohol problems across
these studies.

Many of the aforementioned studies used standard measures of alcohol use
and/or problems including the Diagnostic and Statistical Manual of Mental Disorders
(DSM) criteria, the Alcohol Dependence Scale (ADS), the Alcohol Expectancy Scale
(AES), and the Alcohol Use Disorders Identification Test (AUDIT). Measures of alcohol
problems vary by scientific field, setting (clinical vs. research), historical trend (DSM-III
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vs. DSM-IV), and availability. However, there is evidence to suggest that genetic
association results may vary as a function of the alcohol measure used in the analysis.
In 2002, Connor and colleagues tested the association between DRD2 and a variety of
alcohol phenotypes, finding association with certain alcohol phenotypes (alcohol
quantity, alcohol consumed per week, alcohol dependence scale score) and not others
(frequency of alcohol use). This is an example of how even when using an identical
sample and method in genetic association analyses the measure of the phenotype can
affect the results.

Twin studies provide a method for examining the genetic relationship between
different measures of alcohol use and problems. While some twin studies indicate that
the genetic correlation between measures of regular alcohol consumption and problems
is strong (Grant et al., 2009; Kendler et al., 2010), there is also evidence that there are
genetic risk factors unique to alcohol problems (Dick et al. 2011). Additionally, recent
twin studies examining the genetic relationship between the DSM-IV alcohol
dependence criteria have indicated that the seven items are not genetically
homogeneous (Kendler et al, 2011). Therefore, different measures of alcohol use and
problems may be mediated by different genetic factors. This has implications for gene
identification studies in that there are valid reasons why true genetic findings may not
replicate across studies that have assessed different aspects of alcohol use and
dependence.

We previously reported analyses conducted within the Finnish population-based
twin sample, FinnTwin16, to examine the genetic architecture across seven measures
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of alcohol consumption (frequency of drinking, frequency x quantity, frequency of heavy
drinking, frequency of intoxication, and maximum drinks in a 24 hour period) and
problems (the Rutgers Alcohol Problem Index-RAPI and the Mälmö-modified Michigan
Alcohol Screen Test - MmMAST) (Dick et al., 2011). Our results yielded a model
suggesting four latent factors that account for the genetic variance across the measures
of alcohol consumption and measures of problems. The first two latent genetic factors
loaded onto all of the drinking measures (consumption and problems), the third latent
genetic factor loaded exclusively onto maximum drinks in a 24 hr period and the
MmMAST, and the fourth latent genetic factor loaded onto the two indices of problems
(the MmMAST and the RAPI). Using comparable measures of alcohol consumption and
problems, data from an independent twin sample, the Virginia Adult Twin Study of
Psychiatric and Substance Use Disorders, also indicated a parallel genetic architecture
(Dick et al., 2011). This previously reported model from the Finntwin16 sample is
depicted in Figure 4 from chapter 1 (also depicted below for reference).
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Figure 4. Best Fitting Model of the Genetic Architecture of Measures of Alcohol
Consumption and Problems in the Full Finntwin16 Sample (previously described in
chapter 1)

In the present study, we extended these twin study results to examine the
relationship between these measures of alcohol use/problems and DRD2/ANKK1.
DRD2/ANKK1 We
hypothesized that examining association with genetic factor scores (previously
implicated by the twin analyses
nalyses within the same sample) would decrease the genetic
heterogeneity and consequently increase power to detect genetic association between
DRD2/ANKK1 and alcohol outcomes. We were primarily interested in the shared
genetic variance acrosss all alcohol m
measures (Figure 4.. latent genetic factor A1) and the
shared genetic variance across the two indices of p
problematic
roblematic alcohol use (Figure 4.
4
latent genetic factor A6). Additionally, we conducted post hoc analyses of the
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association between DRD2/ANKK1 and multiple measures of both alcohol consumption
and problems in an effort to evaluate whether using genetic factor scores was an
improvement upon using individual measures of alcohol consumption and problems.

Methods
Sample
Details regarding Finntwin16 (FT16) and data collection have been previously described
in chapter 1 previous Finnish Twin Study publications (Kaprio et al., 2002; Kaprio et al.,
2006). In this chapter, we focus on assessments of alcohol consumption and alcohol
problems in young adulthood. The average age for the respondent twins at this
assessment was 24.4 years (SD=1.50, range 22.8-27.2). Of these individuals, genotypic
data was collected on 602 subjects, 36.0% were monozygotic (MZ) twins (n=216),
63.5% were dizygotic (DZ) twins (n=382).
Measures
Measures of alcohol consumption and problems are described in detail in chapter 1.
Briefly, consumption measures included: Frequency (how often do you drink alcohol at
all?), Frequency x Quantity (the frequency of reported use in the past 28 days multiplied
by the quantity of drinks consumed per drinking day during the past 28 days; drinks
defined as 1 beer, 1 glass of wine, or 1 mixed drink containing hard liquor equivalent to
10 grams of ethanol), Frequency of Heavy Drinking (at the present, how often do you
within one occasion consume more than five bottles of beer, or more than a bottle of
wine, or more than half a bottle of hard liquor?), Frequency of Intoxication (how often do
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you use alcohol to get drunk?), and Max Drinks (the maximum number of drinks twins
reported ever consuming in a 24 hour period). Alcohol problem measures included: The
Mälmö -modified MAST (Mm-MAST), a 9-item self-report scale of drinking patterns and
problems designed for application in Nordic cultures) and the 22 items from the Rutgers
Alcohol Problem Index (RAPI), a reliable scale designed to assess problematic drinking.
Parallel to current practice in gene identification efforts for alcohol dependence, only
individuals who had evidence of alcohol exposure were included in twin analyses, so
that genetic/environmental influences on the decision to initiate alcohol are not
confounded with genetic/environmental influences on alcohol consumption or problems.
Altogether 2% of the sample had never had a full alcoholic beverage and were excluded
from analyses. All measures were coded so that higher scores indicated more frequent
drinking or more drinking problems.
Twin Modeling
The twin model we employed has been described in chapter 1. Briefly, a
multivariate Cholesky model was fit to the measures of alcohol consumption and
problems in order to estimate (1) the magnitude of genetic and environmental influences
on each phenotype and (2) the extent to which these influences contributed to the
covariation between the phenotypes. Using the statistical software package Mx (Neale
and Cardon, 1992), we generated individual scores for each subject weighted by the
loadings implicated by the genetic architecture from the best fitting twin model. When
the best fitting model (Figure 1) from the full sample (n=2,500) was fit in the genotyped
subset (n=602), there was not a significant decrease in model fit (χ2=3.28, p=1.00).
Thus, we moved the two strongest genetic factors forward in creating individual genetic
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factor scores for each person within the genotyped sample; (1) A general factor which
loads onto measures of alcohol consumption and problems and (2) an alcohol problems
factor which loads onto the Mm-MAST and the RAPI. This genetic factor score is similar
to a phenotypic factor score in that it encompasses all shared variance across various
measures. It differs in that it incorporates genetic information gained from twin data,
therefore partitioning this shared variance into shared genetic variance across various
measures. Thus, if an individual has an increased score on the specific alcohol
measures that are loaded on by the latent genetic factor (e.g., Mm-MAST and RAPI),
that individual will also to have an increased score on the genetic factor score (e.g.,
Alcohol Problems Genetic Factor, which loads onto Mm-MAST and RAPI).
Genotyping
A total of 602 individuals were genotyped using Sequenom’s homogeneous
Mass Extend (hME) and iPLEX Gold technology (Sequenom, San Diego, CA, USA).
Thirty-one tagging single-nucleotide polymorphisms (SNPs) in DRD2/ANKK1 were
selected

based

on

the

HapMap

Project

(http://www.hapmap.org)

and

NCBI

(http://www.ncbi.nlm.nih.gov) databases. The selected variants were bi-allelic and had a
minor allele frequency (MAF) >10% in the Caucasian population. The ability to amplify
the flanking regions of each SNP was determined by using the applications SNPper
(http://www.snpper.chip.org) and RealSNP (http://www.realsnp.com), which define the
most reliable regions for designing primers and the quality of the amplicons,
respectively. All tagging SNPs failing during the procedure were replaced by newly
generated tagging SNPs proposed by Haploview (Barrett, Fry, Maller, & Daly, 2005).
The PCR and extension primers were designed using Sequenom’s MassARRAY Assay
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Design software (version 2.0). SNPs were genotyped in 384-well plates according to
manufacturer’s instructions. For quality controls, each plate contained at least eight
water controls and 22 duplicate samples. PCR reactions were performed in a total
reaction volume of 5µl using 20ng of genomic DNA. The alleles were automatically
called by Sequenom's Mass ARRAY Typer Analyzer software and verified by two
independent persons. Further marker-specific quality controls included a call rate >80%
and a Hardy-Weinberg equilibrium (HWE) p-value >0.01 (estimated using unrelated
individuals). Mendelian errors were excluded using PedCheck (O'Connell & Weeks,
1998).
Once data were cleaned for quality control, genotypic data was available on 580
individuals of Finnish descent. An analysis of the population structure of the sample
indicated a single ethnicity factor; thus all individuals were included in association
analyses. Information on the genotyped SNPs, including chromosomal location and
minor allele frequency is provided in Table 8. These thirty-one SNPs represent five
different haplotype blocks across DRD2/ANKK1 (Figure 2). These SNPs are correlated
(r2 range from .21-.93) yet represent five independent signals across DRD2/ANKK1 as
indicated by a Nyholt correction for related SNPs (Nyholt et al., 2004).
Genetic association analyses
Linear regression was used to analyze the association between each of the
SNPs and each of the genetic factor scores. The degree of relatedness (~50% for DZ
twins and ~100% for MZ twins) was accounted for in the models using the GENMOD
command in SAS 8.2 (SAS Institute, 2008). All p-value results from the association
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analyses were corrected for the number of independent tests conducted; the Nyholt
correction indicated a significant threshold of p<0.005. Male and female data were
collapsed in the genotypic analyses in order to maximize power to detect genetic
association and to mirror the best fitting model from the twin analyses. Additionally, we
conducted post hoc analyses of the association between DRD2/ANKK1 and the seven
individual measures of alcohol consumption and problems in order to test whether using
genetic factor scores would result in different conclusions than had we analyzed
multiple individual measures of alcohol use/problems. When evaluating results for the
seven alcohol phenotypes, the Nyholt correction indicated a significant threshold of a
p<0.001 to take into account the additional tests.
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Figure 5. LD structure of DRD2/ANKK1
A)

B)

C)

Legend: Location of (A) and correlations between (B and C) the single
single-nucleotide
nucleotide polymorphisms (SNPs) genotyped
in the DRD2/ANKK1 gene complex (B) in the CEPH (Centre d’Etude du Polymorphisme Humain) data obtained from
the HapMap database (The International HapMap Consortium, 2003) and (C) in the Finntwin16 data, Shading
indicates the degree of correlation as measured by D′ (Hedrick & Kumar, 2001); darker shading indicates higher
correlations, and white shading indicates that markers are unlinked or uncorrelated. T
The
he numbers inside the
2
diamonds are R values, another measure of correlation between SNPs. The black triangles grouping subsets of
SNPs indicate blocks of SNPs that are highly correlated (as defined by criteria detailed in Gabriel et al., 2002). Not all
SNPs
Ps genotyped in the Finntwin16 sample were available in the HapMap database; in these cases, proxy SNPs that
were the SNPs most highly correlated with the genotyped SNPs are listed. In the Finntwin16 sample, the LD blocks
were similar to those in the HapMap
p CEPH data, and the somewhat stronger LD between markers is in agreement
with previous findings from the Finnish population (Service et al., 2006).
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Results
Twin Analyses
The phenotypic correlations across the measures of alcohol consumption and
problems ranged from .45-.99 and were virtually identical to those previously reported in
the full sample (Dick et al. 2011). Polychoric correlations were computed on only one
twin from each pair, chosen randomly. MZ and DZ twin correlations for each of the
measures were described previously (Dick et al. 2011). For the first genetic factor score
(General Alcohol Consumption and Problems), scores ranged from -2.50 to 4.25
(mean=0, SD= 0.86). For the second genetic factor score (Alcohol Problems), scores
ranged from -0.28 to 1.54 (mean=0, SD=0.52).
Genetic Association Analyses
Recall that the Nyholt threshold for a significant p-value for the two genetic factor
scores is p<0.005. Of the thirty-one SNPs genotyped across DRD2/ANKK1, one SNP
(rs10891549) showed significant association with the general alcohol consumption and
problems factor score (p=0.004). Four SNPs (rs10891549, rs1554929, rs6275, rs6279)
showed significant association with the alcohol problems genetic factor score (p=0.005,
p=0.005, p=0.003, p=0.003, respectively). These results are detailed in Table 8. In
addition, we conducted post hoc analyses in which we examined the association
between DRD2/ANKK1 SNPs and the individual seven phenotypic measures of alcohol
consumption and problems. These results are detailed in Table 9. Recall that the Nyholt
corrected p-value for the seven alcohol outcomes is p<0.001. Using this criterion, none
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of the DRD2/ANKK1 SNPs were significantly associated with any of the individual
alcohol measures.
Table 8. Linear Regression of DRD2/ANKK1 SNPs on Genetic Factor Scores

Chr

11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

Gene

DRD2 SNP Information
SNP
Base Pair
Location

ANKK1 rs2734849 112775370
ANKK1 rs2734848 112775584
ANKK1 rs1800497 112776038
DRD2 rs11214599 112776570
DRD2 rs11214601 112777972
DRD2
rs2587550 112778135
DRD2 rs12422191 112779220
DRD2 rs10891549 112783657
DRD2
rs2234689 112783693
DRD2 rs1554929 112783974
DRD2
rs6279
112786283
DRD2
rs1124491 112787300
DRD2
rs1079595 112787879
DRD2
rs6275
112788687
DRD2
rs2440390 112792088
DRD2
rs1079727 112794392
DRD2
rs2734833 112798130
DRD2
rs1076562 112801218
DRD2
rs7131440 112805120
DRD2 rs17115583 112814112
DRD2 rs11214606 112815079
DRD2
rs4648318 112818599
DRD2 rs17529477 112822277
DRD2 rs17601612 112822955
DRD2
rs4245147 112823217
DRD2
rs4245148 112825629
DRD2
rs7131056 112834984
DRD2
rs4245149 112843567
DRD2
rs1799978 112851561
DRD2 rs12364283 112852165
DRD2 rs10891556 112857971

Alleles
Major;
Minor
A;G
T;C
G;A
C;T
C;T
A;G
G;A
T;C
C;G
C;T
C;G
G;A
A;C
G;A
C;T
T;C
A;G
G;A
T;C
G;A
C;T
T;C
G;A
G;C
T;C
C;T
C;A
G;A
A;G
A:G
G;T

MAF

0.282
0.220
0.330
0.330
0.330
0.120
0.900
0.235
0.220
0.235
0.118
0.330
0.330
0.117
0.080
0.030
0.241
0.095
0.254
0.043
0.010
0.103
0.033
0.063
0.099
0.060
0.226
0.052
0.050
0.011
0.052

Genetic Factor Scores
Alcohol Consumption Alcohol Problems
and Problems
(MAST and RAPI)
Beta
0.094
-0.040
-0.003
-0.007
-0.004
-0.096
0.001
0.098
0.040
0.098
-0.096
0.005
-0.004
-0.099
-0.051
0.006
-0.098
-0.107
-0.104
-0.091
-0.007
-0.105
0.052
0.025
0.033
0.033
0.078
-0.070
-0.044
-0.021
-0.073

p-value
0.047
0.401
0.945
0.886
0.936
0.042
0.981
0.004
0.401
0.039
0.042
0.914
0.936
0.038
0.285
0.906
0.038
0.024
0.028
0.056
0.875
0.026
0.267
0.595
0.494
0.491
0.100
0.141
0.255
0.655
0.126

Beta
0.127
-0.040
-0.035
-0.043
-0.041
-0.103
0.034
0.130
0.040
0.130
-0.103
-0.042
-0.041
-0.102
-0.014
-0.035
-0.108
-0.087
-0.105
-0.081
-0.012
-0.074
0.042
0.035
0.068
0.089
0.040
-0.079
0.019
0.000
-0.072

p-value
0.006
0.391
0.451
0.353
0.373
0.026
0.460
0.005
0.391
0.005
0.003
0.367
0.373
0.003
0.757
0.444
0.019
0.060
0.023
0.081
0.794
0.111
0.359
0.446
0.143
0.053
0.391
0.087
0.684
0.997
0.120

Note: SNPs that passed Nyholt threshold for significant association (p<0.005) are
bolded. The reference build used in this table was HapMap Data Release 28 Phase
II+III, August10, on NCBI B36 assesmbly dbSNP b126. The major allele frequencies
(MAF) presented in this table were calculated using only one individual per family.
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Table 9. Linear Regression of DRD2/ANKK1 SNPs on Individual Measures of Alcohol
Consumption and Problems

SNP

Alcohol Measures (p-values)
Frequency
Frequency
of
of
Heavy
Intoxication
Drinking
.032
.032
.443
.379
.329
.637
.839
.925
.668
.706
.729
.593
.749
.776
.654
.045
.036
.695
1.00
.732
.541
.028
.024
.441
.379
.329
.637
.028
.024
.441
.045
.036
.695
.723
.759
.640
.749
.776
.654
.042
.032
.616
.262
.108
.806
.885
.916
.783
.027
.013
.345
.010
.011
.473
.018
.008
.294
.063
.043
.332
.893
.752
.927
.028
.013
.575
.411
.090
.388
.853
.534
.835
.912
.586
.800
.927
.782
.298
.087
.075
.160
.258
.152
.429
.263
.154
.528
.671
.656
.448
.228
.129
.434

Frequency
of
Frequency
Drinking
x Quantity

rs2734849*
.016
rs2734848*
.119
rs1800497*
.662
rs11214599
.816
rs11214601
.777
rs2587550
.005
rs12422191
.404
rs10891549
.012
rs2234689
.119
rs1554929
.012
rs6279
.005
rs1124491
.793
rs1079595
.777
rs6275
.004
rs2440390
.221
rs1079727
.566
rs2734833
.046
rs1076562
.010
rs7131440
.045
rs17115583
.039
rs11214606
.937
rs4648318
.014
rs17529477
.184
rs17601612
.632
rs4245147
.444
rs4245148
.309
rs7131056
.037
rs4245149
.023
rs1799978
.530
rs12364283
.568
rs10891556
.017
*Located in ANKK1

Max
Drinks
24 hr.
Period
.278
.455
.802
.718
.667
.335
.739
.230
.455
.230
.335
.683
.667
.407
.407
.756
.226
.261
.210
.579
.642
.311
.229
.482
.348
.343
.702
.729
.325
.811
.743

Michigan
Alcohol
Screen
Test
.012
.378
.650
.512
.538
.027
.225
.009
.378
.009
.027
.549
.538
.026
.750
.632
.034
.058
.034
.094
.816
.103
.424
.515
.209
.073
.550
.115
.357
.879
.140

Rutgers
Alcohol
Problem
Index
.007
.522
.337
.278
.293
.046
.981
.006
.522
.006
.046
.275
.293
.053
.718
.430
.015
.073
.021
.084
.755
.126
.239
.327
.101
.080
.368
.102
.768
.935
.147

Conclusions
Two-decades of genetic studies have left the relationship between DRD2/ANKK1
and alcoholism indeterminate. Many reasons have been put forth to explain the mixed
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association results. Among them, poor DNA extraction techniques, population
stratification, and failure to properly screen controls for drug and alcohol disorders.
Previous reviews of this literature have detailed the variability and limitations of these
studies (Goldman, 1998). A 2000 review by Noble (Noble, 2000) focused on sample
size, types of alcoholics analyzed, and the nature of comparative controls employed in a
variety of previously published studies. He reviewed several samples each of which
used varying measures of alcoholism (The Michigan Alcoholism Screening Test, the
presence or absence of medical complications of alcoholism, alcohol consumption,
Severity of Alcohol Dependence Questionnaire (SADQ), and the DSM-III-R criteria). In
this paper, we focus on the variability in the measure of the phenotype used across this
literature in an effort to understand how this variability may effect the conclusions one
would draw about the evidence for association with DRD2/ANKK1.

The 36 studies published between 1991 and 2011(Table 10), have yielded both
positive and negative evidence of association across a variety of alcohol phenotypes. If
more weight is placed on the recently published studies (Dick et al., 2004; Hack et al.,
2011; Creemers et al., 2011; Schumann et al., 2011), which are presumably better
powered to detect genetic association in that they use larger sample sizes and test a
greater number of markers across DRD2/ANKK1 gene, and considering the publication
bias that leaves many null results unreported, there is little evidence of association
between DRD2/ANKK1 and alcohol phenotypes. It does appear however, that most of
the studies that used quantitative/continuous measures of alcohol use and problems
provide positive evidence of genetic association between DRD2/ANKK1 and alcohol

88

related traits. This may reflect the fact that using quantitative measures can increase
power to detect genetic association (Waldman et al., 1999, Kuo et al., 2010). However,
it is of note that the largest of the aforementioned studies (Schumann et al., 2011), a
meta-analyses of alcohol consumption GWAS on over 21,000 individuals, did not
produce a genome wide significant variant in either DRD2 or ANKK1. The association
with DRD2/ANKK1 appears to be contingent upon the specific measure of the
phenotype, specific SNPs, and specific population used in a study. This is consistent
with the implications of our twin studies that indicate that different genetic factors may
contribute to risk for different measures of the “same” outcome (Dick et al., 2011).
Moreover, while two measures of alcohol problems can both be valid and widely used,
they are not necessarily genetically homogenous.
In the present study, we modeled the genetic architecture of the alcohol
outcomes available in the Finntwin16 sample in an attempt to examine more genetically
homogenous alcohol phenotypes. We found modest evidence of association between
DRD2/ANKK1 SNPs and both genetically informed measures of alcohol consumption
and problems. As rs10891549 and rs1554929 are highly correlated (r2=.98) and rs6275
and rs6279 are highly correlated (r2=0.87), there were two true independent signals
detected in this sample. The first of these signals (rs10891549/rs1554929) is highly
correlated with the SNPs within the ANKK1 gene, and may be indirectly associated with
ANKK1, the original locus detected in association with alcohol problems. The
association between the rs10891549/rs1554929 locus was found with both general
alcohol consumption and problems in this sample. The second signal (rs6275/rs6279)
may

be

potentially

functional

as

rs6275
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and

rs6279

are

non-synonymous

polymorphisms that are located on the 3’UTR and may have a regulatory effect. This
locus was only significantly associated with alcohol problems in the Finntwin16.
Perhaps multiple independent signals within the DRD2/ANKK1 gene complex are
differentially associated with alcohol outcomes; this may provide some explanation of
the inconsistent genetic association findings.
In an effort to assess the utility of the genetic factor score, we also examined the
association between DRD2/ANKK1 SNPs and the individual phenotypic measures of
alcohol consumption and problems. As the inclusion of seven outcomes required a
more stringent statistical test correction, no SNP passed the significance threshold put
forth to correct for the multiple tests conducted. These results may suggest that we are
indeed reducing genetic heterogeneity in the alcohol measures using the genetic factor
scores. Additionally, we increase power to detect association in reducing the number of
phenotypes examined (we correct for the analysis of two factor scores versus seven
measures of alcohol consumption and problems). Thus, one can increase power to
detect genetic association by (1) reducing the number of tests conducted, and (2)
modeling the genetic architecture of the trait/disorder within your sample.
In summary, we provide modest evidence for the association between
DRD2/ANKK1 and alcohol use/ problems. In capturing the genetic heterogeneity across
alcohol measures in genetic factor scores, we found association between DRD2/ANKK1
SNPs with both regular and problematic drinking. It should be noted that the β values
associated with each significant DRD2/ANKK1 SNP range from 0.001- 1.30, indicating
that a very small portion of the variation in alcohol behavior is accounted for by
DRD2/ANKK1 SNPs. In this study, we also demonstrated how to maximize the
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information obtained by twin analyses and molecular analyses within the same sample.
By reducing the genetic heterogeneity inherent in the alcohol phenotype and the
number of phenotypes analyzed, we detect a genetic association between
DRD2/ANKK1 and alcohol use and problems, which would have been deemed
nonsignificant had we not incorporated the genetic architecture across the traits.
Table 10. Previously Published Studies on the Genetic Association between DRD2/
ANKK1 and Alcohol Phenotypes
Study
Blum et al.,1991

Comings et al.,
1991
Gelernter et al.,
1991
Turner et al.,
1992

Amadeo et
al.,1993

Measure of the
Phenotype
Severe alcoholics
(post mortem
samples)
Michigan Alcohol
Screen Test** x
stress exposure
DSM-III-R Alcohol
Dependence
DSM-III-R Alcohol
Dependence;
AD+medical
complications
DSM-III-R Alcohol
Dependence

Study Design

Sample Size

SNPS

Case/Control

96 cases (52
severe)

Taq1 A1

Evidence of
Association
Positive

Cross-sectional

309 Honduran
males

Taq1 A1

Positive

Case/Control

44 white cases; 68
controls
47 white males

Taq1 A1

Negative

Taq1 A1

Negative

Case/Control

69 French
Polynesian cases;
57 controls

Taq1 A1

70 Japanese
cases; 100
Japanese controls
(unscreened)
40 white cases;
127 controls
280 Japanese
cases; 289 controls

Taq1 A1

Positive
(combination
of ADH2 and
DRD2)
Positive

Taq1 A1

Negative

Taq1 A1 (+)

Positive

73 cases; 80
controls
88 white cases; 89
controls

Taq1 A1

Positive

Taq1 A1 (+)

Negative

74 cases; 81
controls
38 Mexican cases;
38 controls
34 cases with CD,
63 cases without

Taq1 A1/B1

Negative

Taq1 A1

Negative

Taq1 A1/B1

Positive

Cross-sectional

Arinami et al.,
1993

DSM-III-R Alcohol
Dependence;
Greater severity

Case/Control

Bolos et
al.,1990
Higuchi
et al.,1994

DSM-III-R Alcohol
Dependence
DSM-III-R Alcohol
Dependence;
Greater severity
(Feigner Criteria)
SADQ (Severity)

Case/Control

Medical
complications from
Alcoholism
DSM-III-R Alcohol
Dependence
Alcohol Withdrawal
Symptoms
DSM-III-R Alcohol
Dependence;

Case/Control

Noble, 1994
Suarez et
al.,1994
Geijer et al.,
1994
Cruz et al.,
1995
Lu et al., 2001

Case/Control

Case/Control

Case/Control
Case/Control
Case/Control
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Hietala et al.,
1997
Kono et al.,
1997
Ishiguro et al.,
1998
Lobos and
Todd, 1998

Edenberg et al.,
1998
Sander et al.,
1999
Waldman et al.,
1999
Gelernter &
Kranzler, 1999
Lee et al., 1999
Parsian et al.,
2000

Chen et al.,
2001
Foley et al.,
2004
Konishi et al.,
2004

Conduct Disorder
(CD)
SADQ (Severity);
MAST
DSM-III-R Alcohol
Dependence; Early
onset
DSM-III-R Alcohol
Dependence
DSM-III-R Alcohol
Dependence;
Severity (Feigner
Criteria)
DSM3-R AD and
Feigner Criteria
DSM3-R AD;
Family history of
Alcoholism
Quantitative
Alcohol
Measures**
DSM-III-R Alcohol
Dependence
DSM-III-R Alcohol
Dependence
Medical
complications from
alcoholism;
Feigner Criteria;
Cloninger Criteria
DSM-IV Alcohol
Dependence
Alcohol
Consumption from
medical records**
DSM-IV Alcohol
Dependence

CD; 85 controls
Case/Control

70 Finnish male
cases; 50 controls
100 Japanese
cases; 93 controls

Taq1 A1

Positive

Taq1 A1

Positive

209 Japanese
cases; 152 controls
55 cases; 80
controls

Taq1 A1

Positive

5 SNPs (6
haplotypes)

Negative

433 cases; 401
controls
310 German cases;
196 controls

Taq1 A1

Negative

TaqI A (+)

Negative

TDT

433 cases; 401
controls (COGA)

Taq1 A1

Positive

Case/Control

160 EA cases; 136
controls
128 cases; 85
controls
173 cases; 88
controls

Taq1 A1/B1

Negative

Taq1 A1

Negative

TaqI A (+)

Negative

203 cases; 213
controls

-141C
Ins/Del
Taq1 A1/B1

Positive
Positive

TaqI A1/B1

Positive

26 single
nucleotide
polymorphis
ms (SNPs)
across
DRD2/ANK
K1
15 DRD2
SNPs
(excluding
Taq1A1)
rs1799732

Positive

Positive

Taq1A

Positive

6 DRD2

Positive

Case/Control

Case/Control
Case/Control

Linkage
Case/Control

Case/Control
Case/Control

Case/Control

Case/Control

200 Mexican
American cases;
351 controls
219 Caucasian
families (n = 1,923)
(COGA)

Dick et al., 2007

DSM-III-R Alcohol
Dependence;
Feigner Criteria

Family based
asociation

Hack et al.,
2010

DSM-IV Alcohol
Dependence;

Case/Control

545 Irish cases;
509 controls

Filbey et al.,
2011

Impulsive behavior
on the Go/NoGo
task Heavy Alcohol
Drinking**
Adolescent Binge
Drinking
Michigan Alcohol

Cross-sectional

53 cases

Cross-sectional

282 Dutch
adolescent cases
81 cases; 151

Van der Zwaluw
et al., 2011
Bhaskar et al.,

Case/Control

92

Negative

2011
Creemers et al.,
2011
Schumann et
al., 2011

Screen Test **
Adolescent
Regular alcohol
use
Alcohol
Consumption

Cross-sectional

controls
1192 Dutch
adolescents

SNPs
Taq1A1

Cross-sectional

21,607 drinkers

Affymetrix
500K
coverage of
DRD2

** Measure used in the present study

93

Negative

Negative
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Chapter 3
A Genome Wide Association Study of Alcohol Dependence Symptoms in the Population
Based Finnish Twin Cohort, FinnTwin12
Abstract
Background: In 2009, the first genome wide association study (GWAS) on alcohol
dependence was published. Since then, several alcohol dependence GWAS have been
reported without producing robust, replicable genetic association signals, with a notable
few exceptions.
Methods: In the present study, we conducted a genome wide association study of
DSM-IV Alcohol Dependence symptoms (AD sx) in the population-based Finnish twin
study, Finntwin12. GWAS data was available on ~1,069 individuals (406 MZs; 614 DZs)
who were genotyped on the Illumina 670K Single Nucleotide Polymorphism (SNP)
Custom Array. Primary GWAS analyses of AD sx presented in this study included SNPbased analyses (PLINK), gene-based analyses (VEGAS) and gene enrichment
analyses of gene-based results (ToppFun). In addition, we also analyzed two genetic
factor scores that emerged from the multivariate twin analyses of five measures of
alcohol consumption and problems conducted in this sample (Mx). In an effort to
capture the most robust associations, comparisons between AD sx genetic association
results and the genetic factors were carried out on both the SNP and gene level.
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Results: GWAS analyses of AD sx indicated that no individual SNP met criteria for the
genome wide significance threshold. However many SNPs were approaching this
threshold, including several SNPs located on 4p16.3 in docking protein 7(DOK7).
Additionally, we ran gene-based analyses that produced a number of top gene results
detailed in this manuscript, including gamma-aminobutyric acid receptor subunit
gamma-1 (GABRG1) and DOK7. Gene enrichment analyses suggested that genes with
ion-channel activity were overrepresented in the AD sx gene-based results.
Comparisons between genetic association results from AD sx and the genetic factors
implicated different variants on both the SNP level (correlations between AD sx SNP
based results and genetic factor scores range from 0.10-0.50) and gene level
(correlations between AD sx gene-based results and genetic factor scores range from
0.06-0.25).
Conclusions: We provide modest evidence of association between AD sx and several
novel genetic variants (both SNPs and genes) that approach genome wide significance,
including DOK7, which was implicated in both SNP and gene-based analyses. In
addition, gene-based results implicated a previously reported genetic association
between GABRG1 and alcohol dependence. Discordance between genetic association
results from AD sx and the genetic factors underscores the difficultly in replicating
genetic effects and in differentiating real findings from spurious ones. Convergence in
results across phenotypes, methods, and samples may provide us the most robust
genetic association signals.

112

Introduction

In 2009, the first genome wide association study (GWAS) on alcohol dependence
(AD) was published (Treutlein et al., 2009). This study included 487 German male
inpatients with alcohol dependence as defined by the DSM-IV and an age at onset
younger than 28 years, and 1,358 population-based control individuals. This study also
included a follow-up sample of 1,024 German male inpatients and 996 age-matched
male controls. This initial GWAS implicated two novel intergenic single nucleotide
polymorphisms (SNPs) that reached stringent genome wide significance thresholds
required to correct for multiple testing (rs7590720, rs1344694). Since then, several
alcohol dependence GWAS have been reported and are detailed in table 11. From
2010-2011, six large GWA studies were published (Lind et al., 2010, Bierut et al., 2010,
Edenberg et al., 2010, Kendler et al., 2011, Heath et al., 2011, Wang et al, 2011), none
of which reported genome wide significant findings. Thus far, two very large alcohol
dependence GWAS have been published in 2012 (Zuo et al., 2012, Frank et al., 2012),
both of which have reported genome wide significant findings. Earlier this year, Zuo and
colleagues combined the Study of Addiction Genetics and Environment (SAGE) data
and Australian family study of alcohol use disorder (OZ-ALC) with the goal of
discovering novel risk loci for alcohol dependence. The authors reported that variants
within KIAA0040 and the PHF3-PTP4A1 gene complex might harbor a causal variant for
AD (Zuo et al., 2012). Frank and colleagues (Frank et al., 2012) conducted an AD
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GWAS on 1,333 German (inpatient) cases and 2,168 German controls and reported
genome-wide significant support for the role of the ADH gene cluster (ADH1B/ADH1C).
In addition to these AD GWAS reports, several studies have conducted association with
alcohol-related phenotypes, such as alcohol consumption. Many studies have
suggested that use of a quantitative measure could improve power to detect variants of
small effect (Agrawal et al., 2009). In 2010, Joslyn and colleagues conducted a GWAS
on level of response to alcohol in 367 individuals and reported no genome wide
significant findings. However in 2011, two large studies conducted GWAS on alcohol
consumption (Baik et al., 2011, Schumann et al., 2011) and reported genome wide
significant findings. Baik and colleagues reported genome wide significant signals in (or
near) C12orf51, CCDC63, and MYL2 that were successfully replicated in a sample of
Korean male drinkers; rs2074356, located in C12orf51, was in high linkage
disequilibrium with SNPs in ALDH2, but other SNPs were not (Baik et al., 2011). The
largest alcohol related GWAS to date examined alcohol consumption in 12 populationbased samples of European ancestry, comprising 26,316 individuals, with replication
genotyping in an additional 21,185 individuals. SNP rs6943555 in autism susceptibility
candidate 2 gene (AUTS2) was associated with alcohol consumption at a genome-wide
significant level (Schumann et al., 2011). Most recently, Agrawal and colleagues
conducted a GWAS on alcohol craving in 3,976 individuals and reported no genome
wide significant findings.
In reviewing the current state of alcohol dependence GWAS findings, six of the
sixteen studies reviewed in table 11 report genome-wide significant findings. At this
point, evidence that the genome-wide significant variants implicated in these studies
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replicate in an independent sample is limited. However, there is some suggestion from
this literature that larger sample sizes and quantitative measures of alcohol use may
increase the likelihood (via an increase in statistical power) of identifying genome wide
significant findings.
For these reasons, conducting GWAS on quantitative measures of alcohol
consumption has gained popularity. Consideration of the genetic relationship between
alcohol consumption and alcohol dependence is prudent. Twin studies indicate that the
genetic correlation between measures of regular alcohol consumption and dependence
is strong (Grant et al., 2009; Kendler et al., 2010), however there is also evidence that
there are genetic risk factors unique to alcohol problems (Dick et al. 2011). Thus,
different measures of alcohol use and problems may be mediated by different genetic
factors. This has implications for gene identification studies in that there are valid
reasons why true genetic findings may not replicate across studies that have assessed
different aspects of alcohol use and/or dependence.
We have previously extended these twin studies to examine the relationship
between measures of alcohol use/problems and candidate gene, DRD2 in Finntwin16,
another cohort of the Finnish Twin Studies (Meyers et al., 2012 under review). The
multivariate twin analyses of the seven measures of alcohol use and problems
generated two genetic factors of interest; a general alcohol consumption and problems
factor score which represents shared genetic variance across alcohol measures, and an
alcohol problems genetic factor score which loads onto the two indices of problematic
drinking (Michigan Alcohol Screen Test (Selzer et al., 1971) and Rutgers Alcohol
Problems Index (White HR, Labouvie, 1989)). The results provided modest evidence for
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the association between DRD2 and alcohol outcomes, including frequency of drinking
and drinking problems. More importantly, the results indicated that one may increase
power to detect genetic association by modeling the genetic architecture of the
trait/disorder. This is in part achieved by reducing the number of phenotypes for
analysis.
In the present study, we conducted a genome wide association study (GWAS) on
DSM-IV Alcohol Dependence symptoms (AD sx) within Finntwin12, an independent
cohort from the population based Finnish Twin Studies. In this study, we present GWAS
analyses of AD sx including individual SNP-based association and gene-based
association. Among the top genes associated with AD sx, we conducted gene
enrichment analyses in which we tested for the overrepresentation of a particular gene
function within the set. In addition, we conducted GWAS on two genetic factor scores
that emerged from the multivariate twin analyses of five measures of alcohol
consumption and problems conducted in this sample. In an effort to capture the most
robust associations for alcohol use/problems in this sample, we compared genetic
association results from AD sx with genetic association results from the genetic factors
on both the SNP and gene level.
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Table 11. Summary of Published Genome-Wide Association Studies on Alcohol
Dependence and Consumption
Study

Treutlein et
al., 2009

Alcohol
Phenotype
DSM-IV AD
(age at onset
younger than
28 years)
DSM-IV AD

Sample

GWAS
design

Genetic Variants Implicated in
Study

Case/
Control

rs7590720, rs1344694, PECR,
PPP2R2B

Case/
Control
Case/
Control

CTBP2, KRT3, TJP1

Genome
-Wide
Sig?
Yes

DSM-IV AD/ND

487 German male inpatient cases and
1,358 population-based controls; Followup study: 1,024 German male inpatient
cases and 996 controls.
1,224 Australian cases and 1,162
controls
599 cases and 488 controls

Bierut et al.,
2010
Edenberg et
al., 2010

DSM-IV AD

1,897 cases and 1,932 controls.

DSM-IV AD

847 cases; 552 controls

Joslyn et al.,
2010

Level of
Response
to Alcohol
DSM-IV AD
symptoms
Average daily
alcohol
consumption
Alcohol
Dependence
Factor Score

367 individuals

rs7530302, rs1784300,
Yes**
rs12882384 (located in KIAA1409),
CTBP2, MYOM1, ORIL6, MALTI,
ARHGAP10, ENPP6, PRAGMI,
MTR
Case/
GABRA2, PNOX2, CC2D2B,
No
Control
SHBP5, GRM5
No
Case/
SLC22A18, PHLDA2, NAP1L4,
Control
SNORA54, CARS,OSBPL5 CPE,
DNASE2B, SLC10A2, ARL6IP5,
ID4, GATA4, SYNE1, ADCY3, BBX
Quantitative
No

562 cases

Quantitative

1721 Korean males from a populationbased cohort. Replication sample: 1113
males
3,169 individuals from the populationbased Molecular Genetics of
Schizophrenia (MGS2) control sample.

Quantitative C12orf51, CCDC63, MYL2, OAS3, Yes
CUX2, RPH3A

Lind et al.,
2010
Lind et al.,
2010

Kalsi et al.,
2010
Baik et al.,
2011
Kendler et
al., 2011

Schumann et Alcohol
al., 2011
Consumption
Heath et al.,
2011

Wang et al.,
2011

alcohol
dependence,
dependence
factor score,
and heaviness
of drinking
factor score,
DSM-IV AD

1283 EA cases and 1416 EA controls

Case/
Control

1409 EA cases with AD, 1518 EA
controls
1333 German male in-patient cases and
2168 controls

Case/
Control
Case/
Control

Zuo et al.,
2012
Frank et al.,
2012

DSM-IV AD

Edwards et
al., 2012
Agrawal et
al., 2012

DSM-IV
467 EA cases and 407 EA controls
AD/MDD
Alcohol Craving 3976 individuals

DSM-IV AD

No

Quantitative KCNMA1, AKAP9, PIGG,
CEACAM6, KCNQ5, SLC35B4,
MGLL, ADH1C, NFKB1, ANKK1
ADH5, POMC, CHRM2
Quantitative AUTS2

26,316 individuals, with replication
genotyping in an additional 21,185
individuals.
2062 Australian cases and 3393 controls Case/
Control

No

Yes

TMEM108, ANKS1A

No

ALK, CASC4, and
SEMA5A,KIAA0040,THSD7B,
NRD1, PKNOX2
KIAA0040, TNN, TNR

No

rs1789891, which is located
between the ADH1B and ADH1C
genes
Case/
CDH13, CSMD2, GRID1, and
Control
HTR1B
Quantitative ITGAD

Note: Genome-wide significant finding are bolded ** Replicated Genome-wide significant finding

117

No

Yes**
Yes

No
No

Methods
Sample
FinnTwin12 is a longitudinal population based developmental twin study that followed
five consecutive birth cohorts of twins born 1983-1987 identified through Finland’s
central population registry (n = 5600 twins). The study was initially designed to examine
genetic and environmental influences on health-related behaviors. Questionnaire
assessments of both twins and their parents were collected at baseline, before the twins
reached age 12, with follow-up of all twins at ages 14, 17.5 and 22. At the age 22 follow
up, GWAS data was collected on a subset (n=1,069; 406 MZs and 614 DZs) of the
sample. In all, 1,347 questionnaires were returned at age 22 out of 4,236 of those
already participating in earlier questionnaires. Zygosity was initially determined using a
well-validated questionnaire completed by both co-twins at the baseline (Kaprio,
Pulkkinen, & Rose 2002). Later, DNA from venous blood or saliva samples were used
to confirm the zygosity in same-sex pairs with 97% accuracy. Here we focus on the age
22 assessments, as we were interested in examining genetic risk factors for young adult
drinking problems and related behavior.
Measures
DSM-IV AD Symptoms (AD sx) were assessed for lifetime in the interviews based on
seven DSM-IV criteria (American Psychological Association, 1994). Scores ranged from
(0) No Symptoms endorsed to (7) All Seven AD symptoms endorsed (mean=1.09,
SD=1.37). AD sx scores were highly skewed, with over 70% of the sample endorsing
one symptom or fewer. 180 individuals (16.84% of the sample) endorsed three or more

118

alcohol dependence criteria. Only individuals who had evidence of alcohol exposure
were included in twin analyses so that genetic influences on the decision to initiate
alcohol are not confounded with genetic influences on alcohol consumption or
problems. 34 individuals (3.2% of the genotyped sample) indicated that they had never
tried alcohol.
Twin Modeling: Genetic Factor Scores
Measures
Parallel to current practice in gene identification efforts for alcohol dependence, only
individuals who had evidence of alcohol exposure were included in twin analyses so
that genetic and environmental influences on the decision to initiate alcohol are not
confounded with genetic and environmental influences on alcohol consumption or
problems. All measures were coded so that an increased score indicated more frequent
drinking or more drinking problems. Frequency of Drinking (Frequency) was assessed
by the following question: “How many days per week do you drink alcohol?” Response
options included: 0-7 and were recoded into five categories based on a quintile split of
the data: (0) 0, (1) 1, (2) 2, (3) 3 and (4) 4-7 days. Drinking Quantity (Quantity) was
assessed with the following question: “On those days when you drink, how many drinks
did you usually have in a day?” Responses ranged from 1-29 and were collapsed into
the following categories based on a quintile split of the data: (0) 1-3, (1) 4-6, (2) 7-8, (3)
9-12 and (4) 13+ drinks. Frequency of Intoxication (Intoxication) was assessed with the
following question: “How often did you use alcohol to get drunk?” Response options
included: 0-7 and were recoded into five categories based on a quintile split of the data:
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(0) 0, (1) 1, (2) 2, (3) 3 and (4) 4-7 days. Maximum Drinks/ 24 hr. period (Max Drinks)
was assessed with the following question: “What is the largest number of drinks you had
on any single day?” Responses ranged from 1-54 and were collapsed into the following
categories based on a quintile split of the data: (0) 1-9, (1) 10-12, (2) 13-17, (3) 18-23
and (4) 24+ drinks.
Twin Model
All details of the twin modeling have been detailed in previous publications (Dick et al.,
2011). Briefly, a multivariate Cholesky model was used to estimate genetic and
environmental influences across the measures of consumption/problem drinking (Neale
and Cardon, 1992).

Alternative models, including variations on the independent

(Akaike’s Information Criterion (AIC): 7019.077) and common pathway models (AIC:
7156.380), were tested for fit comparison (detailed in supplemental table 20);
preliminary model fitting suggested that the Cholesky model provided the best fit to the
data (AIC: 4495.392). Analyses were conducted using the seven measures of alcohol
consumption and problems. The Cholesky model allows us to evaluate (1) the
magnitude of genetic and environmental influences on each phenotype and (2) the
extent to which these influences contribute to the covariation between the phenotypes.
The full model calculated variance components separately by sex. Additional models
were tested to evaluate goodness-of-fit in which estimates of the variance components
were constrained to be equal across sex. Estimates were obtained from observed twin
data using maximum likelihood estimation in the software program Mx (Neale et al.,
1999). Model fit was evaluated by (AIC), and the probability (p) value associated with
the χ2 statistic. Lower AIC values indicate an optimal balance between explanatory
120

power and parsimony. Additionally, nonsignificant χ2 values (p >. 05) indicate a good fit.
We compared nested alternative models by the change in chi-square between models,
which is used to evaluate the significance of dropping parameters. A significant change
in χ2 (p < .05) for the difference in degrees of freedom of the models indicates that the
model with fewer degrees of freedom should be adopted, because the gain in degrees
of freedom of the alternate model caused a significant decrease in fit. Missing data
were handled by reading raw data into Mx and fitting to the observed and unobserved
data vectors using full information maximum likelihood estimation.
Genetic Factor Scores
The latent genetic factor structure from the best fitting model was used to create
individual genetic factor scores for each subject. Using the statistical software package
Mx (Neale et al, 1999), individual scores were generated for each subject, weighted by
the loadings implicated by the genetic architecture from the best fitting twin model. This
genetic factor score is similar to a phenotypic factor score in that it encompasses all
shared variance across various measures. It differs in that it incorporates genetic
information gained from twin data, therefore partitioning this shared variance into shared
genetic variance across various measures. Thus, if an individual has an increased score
on the specific alcohol measures that are loaded on by the latent genetic factor (e.g.,
frequency and quantity of drinking) they will also have an increased score on the
genetic factor score (e.g., Figure 6 genetic factor A1, which loads onto frequency and
quantity of drinking).
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Genome Wide Association Analyses
AD sx
Once data was cleaned for quality control, GWAS data was available on ~1,069
individuals (406 MZs; 614 DZs) who were genotyped on the Illumina 670K Custom
Array. An analysis of the population structure of the sample indicated a single ethnicity
factor; thus all individuals were included in association analyses. Using the statistical
package Plink (Purcell et al., 2007), regression analyses were run treating the
phenotype as a quantitative trait and accounting for the twin structure of the data using
the Qfam (quantitative trait, family data) command. Because the qfam procedure can
specify only one type of familial relationship, both individuals from each DZ pair and one
individual from each MZ twin pair was included in the analyses, reducing the sample
size from 1,069 to 872 individuals (6 of these individuals were excluded as they had not
been exposed to alcohol). GWAS of AD sx included both SNP-based and gene-based
analyses. In the SNP-based analyses, each marker was run separately; thus to account
for the multiple testing a threshold of 8.89x10E-8 (Bonferoni correction= 0.05/535,613
markers analyzed) was required to meet genome wide significance. In the gene-based
analyses, each gene was run separately in Versatile Gene Based Association Study
(VEGAS (Liu et al., 2010)). For gene-based tests of association, VEGAS applies a
gene-wise correction based on the number of independent signals in each gene.
Permutation testing was conducted on both SNP based and gene based analyses that
provided corrected (empirical) p-values. Once gene-based tests of association were
performed, we conducted a gene enrichment analyses on the top (empirical pvalue<0.01) genes associated with AD sx using the Topp Gene Suite tool, Topp Fun
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(Chen et al., 2009). Topp Fun empirically tests whether a particular gene function is
overrepresented, or enriched, within a set of genes.
Genetic Factors
Parallel SNP-based and gene-based genome-wide association analyses were
conducted on the genetic factors. In an effort to capture the most robust associations for
alcohol use/problems in this sample, we compared genetic association results from AD
sx with genetic association results from the genetic factors on both the SNP and gene
level. SNP level results were compared by examining the correlation between the log of
the p-values associated with each SNP using the statistical software SAS. Gene level
results were compared by examining the concordance between top gene (empirical pvalue <0.01) sets for each phenotype using Gene Weaver: a web based system for the
integration of functional genomics experiments. (Baker et al., 2012).
Results

AD sx Genome Wide Association Study
SNP Based Analyses
GWAS analyses of AD sx indicated no individual SNP that met criteria for the
genome wide significance threshold (8.89x10E-8), however many SNPs were
approaching this threshold and are detailed in table 12 below. Of the 535,613 SNPs
analyzed, 101 SNPs had an FDR (BH) less than 10%. The most significant SNP result
was the association between AD sx and rs10022329 (p-value= 6.02E-07), which resides
in Docking protein 7 (DOK7).
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Table 12. Variants from PLINK’s SNP based analyses of AD sx (empirical pvalue<5.98E05)
Chr Located in Gene

SNP

1
1
1
2
3
3
3
3
4

intergenic
intergenic
intergenic
intergenic
HMGB1
HMGB1
intergenic
UPK1B/TSPAN20
DOK7

rs9662365
rs1505551
rs10157998
rs13013813
rs2122369
rs1947238
rs2713001
rs6797796
rs10022329

4

Dok7

rs7680504

4
4
4
4
4
4
7
9

intergenic
intergenic
intergenic
intergenic
intergenic
intergenic
intergenic
BNC2

rs16988673
rs1497499
rs1874647
rs6824301
rs11934116
rs2033613
rs1888349
rs10810585

9
11
11
11
14
14
14

rs7042753*
rs564989*
rs6589624
rs531855*
rs1542313
rs3742604
rs6573560

19
19
19
20

intergenic
FXYD6
FXYD6
FXYD6
ZBTB7A (3’ UTR)
C14orf50
C14orf50 (nonsynonymous)
upstream
intergenic
intergenic
TSHZ2

BP
Prior evidence of associated
Location
with:
98234031
99321856
112591162
211705048
22507664
22519902
111483418
120387620
3437317
congenital myasthenic
syndromes (Muller et al.,
2007)
3468951
congenital myasthenic
syndromes (Muller et al.,
2007)
32829156
55412719
55416226
81368193
81369133
142315874
138314672
16661045 ovarian cancer (Goode et al.,
2010)
87291493
117214964 schizophrenia (Ito et al., 2008)
117222507 schizophrenia (Ito et al., 2008)
117231637 schizophrenia (Ito et al., 2008)
64069791
64095995
64101287

rs12461092
rs7246529
rs12460438
rs6022360

19180484
22856963
22867619
51313268

22

TCN2

rs740234

29338745

breast and prostate cancer
(Yamamoto et al., 2011)

p-value
4.69E-05
5.98E-05
2.89E-05
3.09E-05
3.56E-06
2.17E-06
4.96E-05
3.71E-06
6.02E-07

5.71E-05

5.94E-05
5.65E-05
5.65E-05
2.00E-05
2.20E-05
2.32E-05
5.75E-05
4.90E-05
5.02E-05
1.68E-05
5.38E-05
5.38E-05
1.69E-05
3.07E-05
2.30E-05
1.74E-05
2.53E-06
2.53E-06
8.70E-06
3.68E-05

Note: Boxes indicate that SNPs are in high Linkage Disequilibrium (r2>.8); *Nominally significant
association (p<0.01) with AD sx in the Collaborative Study on the Genetics of Alcoholism GWAS
(Edenberg et al., 2010)
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Gene Based Analyses

Additionally, we ran gene-based analyses that produced a number of genes associated
with AD sx (detailed in table 13). Amongst the top genes (empirical p-value<0.001)
associated with AD sx was gamma-aminobutyric acid receptor subunit gamma-1
(GABRG1). Also associated with AD sx in this sample was heat shock protein (HSPA2).
DOK7 was both implicated in the SNP based and gene-based GWAS analyses of AD
sx. In further examination of the gene-based analyses of AD sx, we tested whether a
particular gene function was overrepresented, or enriched, in this set of highly
associated genes for AD sx (empirical p-value<0.001). Gene enrichment analyses of
this gene set indicated that no particular function was significantly overrepresented.
When the threshold for significance of top gene-based results was relaxed (empirical pvalue <0.01), the gene set is significantly enriched for ion channel activity genes.
Associated AD sx genes that involve aspects of ion channel activity include ACCN1,
KCNMB1, KCTD3, KCNH1, P2RX1, ITPR2, FXYD6, BEST1, KCNIP1, CACNA1C,
BSND, TRPC7, TRPA1, GRID1, GRIN2B, FXYD2.

Table 13. Genes from VEGAS gene-based analyses of AD sx (corrected p-value<0.001)
Chr

Gene

1
1
3
3
3

TOR3A
FAM20B
LRRN1
C3orf54
LOC389118

Corrected
p-value
4.31E-04
7.81E-04
8.81E-04
9.21E-04
9.27E-04

3

IHPK1

9.36E-04

4

LRPAP1

1.16E-04

Previous Literature

Autism (Davis et al., 2009),

Type II Diabetes (Kamimura et al., 2004), Insulin
sensitivity (Chakraborty et al., 2010)
Alzheimer disease (Sanchez et al., 2001), Gallstone
disease (Dixit et al., 2006), Degenerative dementia
(Pandey et al., 2008)
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4

HGFAC

3.20E-05

4
4

DOK7
PRDM8

5.00E-05
5.20E-04

4
5
8
11
11
11
11
13
14

GABRG1
PLEKHG4B
TRPA1
COPB1
SCGB2A2
SCGB1D4
SCGB1D2
SLC46A3
C14orf181

9.87E-04
1.30E-03
4.09E-04
1.37E-03
7.86E-04
7.91E-04
8.13E-04
8.34E-04
1.30E-04

14

ZFP36L1

2.04E-04

14
14
14

LTBP2
C14orf50
EXOC5

2.94E-04
3.20E-05
5.58E-04

14
14
14
17
17
17

HSPA2
ZBTB25
ZBTB1
MSL-1
THRA
ATP2A3

6.00E-06
9.57E-04
9.70E-05
1.33E-03
1.49E-03
5.42E-04

17
19
20
21

NR1D1
ZNF492
NAT5
TTC3

6.67E-04
2.65E-04
1.40E-03
6.48E-04

Congenital myasthenic syndromes (Muller et al.,
2007)
Diastolic blood pressure (Newton-Chech, 2009)
Alcohol dependence (Edenberg et al., 2004; Covault
et al., 2008; Enoch et al., 2009; Ray et al., 2009;
Ittiwut et al., 2012; Wang et al., 2012), Autism (Ma et
al., 2005; Kakinuma et al., 2008)

Breast Cancer (Al-Joudi et al., 2011)
Rhinosinusitis (Lu et al., 2011)
Breast Cancer (Carter et al., 2002)
Fatty liver disease (Chalasani et al., 2010)
Type I Diabetes (Reddy et al., 2011)
Celiac disease (Dubois et al., 2010), Crohn’s
disease (Franke et al., 2010), Multiple sclerosis
(Sawcer et al., 2011)
Height (Lango et al., 2010), bone mineral density
variation (Cheung et al., 2008), Glacoma
(Krumbiegel et al., 2009; Rao et al., 2012),
Polycystic kidney disease (Fogelgren et al., 2011)
Sensitive to chronic ethanol treatment in mice
(Bowers et al., 2009)
Lymphoid development (Siggs et al., 2012)
Thyroid cancer (Rasmussen, 2001)
Mood disorders and sleep disturbances (Partonen,
2012)

Eye color (Liu et al., 2010),

Genetic Factor Scores
Twin Modeling Results
Multivariate twin analyses produced five latent genetic factors. We focus on two genetic
factors of interest: a first genetic factor (Figure 6. A1), which accounts for the genetic
variation shared across five measures of alcohol consumption and problems (drinking
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frequency, drinking quantity, intoxication frequency, maximum drinks/24 hr period, and
DSM-IV AD symptoms) and a second genetic factor (Figure 6. A5), that loads
exclusively onto DSM-IV AD symptoms. Throughout this manuscript, we will refer to A1
(figure 6) as the consumption and problems genetic factor and we will refer to A5 (figure
6) as the alcohol dependence genetic factor. The genetic factor scores were
significantly related to each other (r2=0.468) and to AD sx (r2=0.478 and 0.928 for the
consumption and problems genetic factor and the alcohol dependence genetic factor
respectively), with the strongest relationship existing between AD sx and the alcohol
dependence genetic factor, as would be expected. In addition, the general consumption
and problems genetic factor was more related to adolescent alcohol consumption,
DSM-IV Conduct Disorder symptoms, and age 22 smoking frequency than either AD sx
or the alcohol dependence genetic factor (Table 14).

AD sx were more related to

adolescent alcohol consumption, DSM-IV Conduct Disorder symptoms, and age 22
smoking frequency, and DSM-IV Adult Antisocial Behavior Symptoms than the alcohol
dependence genetic factor (Correlations detailed in table 14). These correlations
confirm two assumptions. First, the general consumption and problems genetic factor
represents the genetic variance captured across five measures of alcohol consumption
and problems that is related to frequency of alcohol (and related substance, tobacco)
use and the alcohol dependence genetic factor represents the genetic variance that is
related to AD sx. Second, the alcohol dependence genetic factor is somewhat less
related to general frequency of alcohol (and related behaviors/disorders) than AD sx, as
the variance shared with measures of consumption is (theoretically) removed from this
genetic factor.
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Figure 6. Genetic Architecture of Measures of Alcohol Consumption and Problems in
FinnTwin12

Table 14. Phenotypic Correlations between AD symptoms, the general consumption
and problems genetic factor,, and the alcohol dependence genetic factor scores (yielded
from twin data), and Related Outcomes
AD Symptoms

AD symptoms
Consumption and Problems
Genetic Factor
Alcohol dependence Genetic
Factor
Related Outcomes
Age 14 Drinking Frequency
Age 17 Drinking Frequency
Age 22 Drinking Frequency
Age 22 Smoking Frequency
Conduct Disorder Sx
Antisocial Behavior Sx

Consumption and
Problems
Genetic Factor

Alcohol
Dependence
Genetic Factor

1
.478**

1

.928**

.468**

1

.076**
.115**
.274**
.198**
.260**
.379**

.155**
.437**
.695**
.362**
.271**
.380**

.060
.098*
.200**
.162**
.207**
.348**

**Pearson correlation significant at a p<0.01 *Pearson correlation significant at a p<0.01
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Comparing GWAS Results from AD sx and Genetic Factors

SNP Based Analyses
The correlation between the SNP based genetic association results (log of the p-values)
for AD sx and the consumption and problems genetic factor was 0.103. The correlation
between the SNP based genetic association results (log of the p-values) for AD sx and
the alcohol dependence genetic factor was .514 (table 15).

Under the assumption that SNPs associated with all outcomes may represent the most
robust results, we compared associated SNPs across the three alcohol phenotypes.
Three individual SNPs, that were significantly associated with AD sx (FDR<10%), were
also associated with the genetic factor scores (p-value<0.05). Two of these three SNPs
reside in genes: UPK1B/TSPAN20 and DOK7 (table 16).

Table 15. Pearson Correlation between SNP level results (log of p-values) for AD sx
and the Genetic Factors
P-value Results
AD symptoms
Genetic Factor Scores
Consumption and Problems
Genetic Factor
Alcohol dependence Genetic
Factor

Consumption and
Problems
Genetic Factor

Alcohol
Dependence
Genetic Factor

1
--.103**

--1

---

.514**

.086**

1

AD
Symptoms
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Table 16. Top (FDR (BH) less than 10%) AD sx SNPs Also Associated with Genetic
Factor Scores (p-value<0.05)
Chr

Gene

SNP

BP

Corrected p-value
Consumption
Alcohol
Alcohol
and Problems
Dependence
Dependence
Genetic
Genetic
Sx
Factor
Factor
Intergenic
3
rs9310823
26933421
6.03E-05
9.79E-03
9.80E-03
3
UPK1B/TSPAN20 rs6797796
120387620
3.71E-06
7.20E-02
3.15E-06
4
DOK7
rs10022329 3437317
6.02E-07
2.63E-03
4.49E-05
Intergenic
4
rs13136935 3466738
6.16E-05
4.68E-03
2.55E-04
4
DOK7
rs7680504
3468951
5.71E-05
4.64E-03
3.17E-04
Intergenic
4
rs11934116 81369133
2.20E-05
1.46E-02
1.88E-03
Intergenic
4
rs2033613
142315874
2.32E-05
1.08E-03
3.09E-04
19
Intergenic
rs7246529
22856963
2.53E-06
2.83E-02
2.18E-05
19
Intergenic
rs12460438 22867619
2.53E-06
2.83E-02
2.18E-05
Note: Boxes indicate that SNPs are in high Linkage Disequilibrium (r2>.8); Dashed Box
indicates that SNPs are in moderate LD (r2>.5)

Gene Based Analyses
Additionally, we compared associated genes across the three alcohol phenotypes.
Below, we have presented venn diagrams depicting the overlap in gene sets, consisting
of genes that passed a relaxed gene-based significance threshold (p<0.01), for AD sx
and the genetic factors in Figure 7. Below each diagram, we have presented the
associated Jaccard coefficient (J) a statistic that assesses the similarity between genesets. Results indicate a larger degree of overlap between the AD sx gene-set and the
alcohol dependence genetic factor gene-set (J= 0.25) then between the AD sx gene-set
and the consumption and problems genetic factor gene-set (J= 0.07). Of all genes
highly associated with AD sx (p-value<0.001), four genes were significantly associated
with both genetic factors (p-value<0.05). These include three genes on chromosome 14:
C14orf181 and ZFP36L1/Brfn1, and LTBP2 and one gene on chromosome 13,
SLC46A3.
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Figure 7.Top Gene Results (p
(p-value<0.01)
value<0.01) and Overlap for AD symptoms and two
genetic factor scores, General Consumption and Problems and Alcohol Problems.
Overlap between AD sx and Genetic Factors

AD sx

General Consumption
& Problems

Alcohol
Problems

Table 17. Top Genes from VEGA
VEGAS gene-based analyses of AD sx also
lso associated with
the genetic factor scores (corrected p
p-value <0.05)

Chr

Gene

p-value

Alcohol
Dependence
Genetic Factor
7.90E-04

Previous Literature

13

SLC46A3

8.30E-04

Consumption
and Problems
Genetic Factor
1.63E-02

14

C14orf181

1.30E-04

3.60E-03

1.50E-03

Type I Diabetes (Reddy et al.,
2011)

14

ZFP36L1/
Bfn1

2.00E-04

4.68E-03

2.54E-03

14

LTBP2

2.90E-04

3.28E-02

3.30E-03

Celiac disease (Dubois et al.,
2010), Crohn’s disease (Franke
et al., 2010), Multiple sclerosis
(Sawcer et al., 2011)
Height (Lango et al., 2010),
bone mineral density variation
(Cheung et al., 2008), Glacoma
(Krumbiegel et al., 2009; Rao et
al., 2012),
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Fatty liver disease (Chalasani et
al., 2010)

Discussion
To date, several Genome Wide Association Studies (GWAS) on AD have been
published without producing robust, replicable genetic association signals. In the
present study, we conducted a GWAS on DSM-IV Alcohol Dependence symptoms in a
Finnish population based sample of twins. No individual SNP met the genome-wide
threshold of significance (8.89 x10-8), however many SNPs were approaching this
threshold. In addition to analyzing our primary phenotype of interest, AD sx, we
analyzed two genetic factor scores that emerged from the multivariate twin analysis. We
believe that there are several interesting observations to make regarding the results
from this study.
AD GWAS
The most striking novel genetic association result from this study is Docking
Protein 7 (DOK7) SNP rs10022329. rs10022329 is both the most significant individual
SNP result and resides in the most highly associated gene (from the gene-based tests),
Docking Protein 7 (DOK7). DOK7 is essential for neuromuscular synaptogenesis and
mutations in this gene are a cause of familial limb-girdle myasthenia autosomal
recessive, which is also known as congenital myasthenic syndrome type 1B (Muller et
al., 2007). Of the 18 DOK7 SNPs available on the Illumina Platform, five independent
signals are represented. Each of the independent signals in DOK7 was associated (pvalue<0.001) with AD sx. When considered as a set, the association between the 18
DOK7 SNPs and AD sx was highly significant (empirical p= 7.9E-06). Also of note is
SNP based association result rs531855, which resides in domain-containing ion
transport regulator 6 (FXYD6). FXYD6 belongs to the FXYD family of ion transport
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regulators and has previously been associated with schizophrenia (Choudhury et al.,
2007, Ito et al., 2008). The FXYD6 gene encodes the protein phosphohippolin
(Kadowaki et al., 2004), which is highly expressed in regions of the brain likely involved
in schizophrenia. FXYD6 is also moderately associated (nominal p-value<0.01) with
alcohol dependence in the COGA study of severely affected alcohol dependence cases
(Edenberg et al., 2010).
Gene-based analyses produced several interesting genes associated with AD sx,
including gamma-aminobutyric acid receptor subunit gamma-1 (GABRG1). GABRG1
belongs to the ligand-gated ionic channel family and plays an important role in inhibiting
neurotransmission by binding to the benzodiazepine receptor and opening an integral
chloride channel. GABAA receptors have been implicated in biological processes related
to the acute and chronic effects of alcohol (Koob et al., 2004; Krystal et al., 2006)
GABRG1 has previously been associated with alcohol dependence in several studies
(Edenberg et al., 2004; Covault et al., 2008; Enoch et al., 2009; Ray et al., 2009; Ittiwut
et al., 2012; Wang et al., 2012). GABRG1 has also been previously associated with
autism (Ma et al., 2005; Kakinuma et al., 2008). Another gene-based association result
of note is heat shock 70k Da protein 2 (HSPA2) which has been previously associated
with alcoholic pancreatitis in Korean patients (Lee et al., 2007). In cooperation with
other chaperones, HSPA2 stabilizes preexistent proteins against aggregation and
mediate the folding of newly translated polypeptides. They bind extended peptide
segments during translation and membrane translocation, or following stress-induced
damage (Bonnycastle et al., 1994). Gene enrichment analyses indicated that the AD sx
gene-set is significantly enriched for ion channel activity genes. Associated AD sx
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genes that involve aspects of ion channel activity include ACCN1, KCNMB1, KCTD3,
KCNH1, P2RX1, ITPR2, FXYD6, BEST1, KCNIP1, CACNA1C, BSND, TRPC7, TRPA1,
GRID1, GRIN2B, FXYD2. Ion channel activity has previously been linked to alcohol
dependence in humans (Lind et al, 2010) and in ethanol responsiveness in model
systems (Bettinger et al., 2012). Gene enrichment analyses performed on the top
signals from an Australian case/control study of AD (Lind et al., 2010) also indicated
that that ion-channel activity genes were overrepresented. A recent study in
caenorhabditis elegans found that genetic alterations in this gene can modify the
phenotype of gain-of-function mutations in the ethanol-inducible ion channel SLO-1
(Bettinger et al., 2012).
Comparing GWAS Results from AD sx and Genetic Factors
While the phenotypic correlations between AD sx and the genetic factors were
strong (.478-.978; table 14), the relationship between the genetic association results
was significantly weaker, on both the SNP level (r=.103-.514; table 15) and gene level
(J=. 06-.25; figure 7). The high phenotypic correlation between the commonly used AD
sx and the alcohol dependence genetic factor suggests that the AD sx is comparable to
the genetic factor implicated by twin modeling. The nominally higher correlations
between AD sx and related externalizing outcomes (adolescent alcohol consumption,
DSM-IV Conduct Disorder symptoms, age 22 smoking frequency, DSM-IV Adult
Antisocial Behavior Symptoms) than with the alcohol dependence genetic factor may
indicate that use of the genetic factor score is reducing the variance shared between
alcohol consumption and problems. However, no substantive advantage of the alcohol
dependence genetic factor over AD sx is noted. More striking is the discordance
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between the genetic association results for AD sx and the genetic factors. In this
sample, both SNP based and gene-based results suggest that there are a small
proportion of genetic variants shared across these three phenotypes, but the majority of
variants are unique to each outcome. This discordance between GWAS results from AD
sx and the genetic factors underscores the difficultly in replicating genetic effects and in
differentiating real findings from spurious ones. The variability in genetic association
results for highly correlated phenotypes suggests that convergence in results across
phenotypes, methods, and samples may provide us the most robust genetic association
signals.
If we operate under the assumption that genetic variants associated with AD sx
and the genetic factor scores are the most robust results, there are six independent
SNP signals that stand out. Two of these SNPs reside in genes: UPK1B/TSPAN20 and
DOK7. UPK1B encodes the Uroplakin 1B protein, a member of the tetraspanin family.
These proteins mediate signal transduction events in the regulation of cell development,
activation, growth and motility (Olsburgh et al., 2002). Prior studies suggest a link
between UPK1B and bladder function (Kalma et al., 2009). The converging evidence of
association between SNPs in DOK7, AD sx, and both genetic factors, lends further
support to this genetic association result. Results from comparisons of the gene-based
tests indicated that four genes were associated with AD sx and the genetic factors.
Butyrate response factor 1 (ZFP36L1/Brf1) is a member of the TIS11 family of early
response genes, which are induced by various agonists (Hacker et al., 2010). A 2010
study reported that chronic alcohol administration in mice leads to enhanced expression
of Brf1 in the liver (Zhong et al., 2010). Chromosome 14 open reading frame 181
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(C14orf181) has previously been implicated in Type I Diabetes (Reddy et al., 2011).
Latent transforming growth factor beta binding protein 2 (LTBP2) belongs to the family
of latent transforming growth factor (TGF)-beta binding proteins (LTBP) and may be
involved in cell adhesion (Vehviläinen et al., 2003). LTBP2 has previously been
associated with height (Lango et al., 2010), bone mineral density variation (Cheung et
al., 2008), and glacoma (Krumbiegel et al., 2009; Rao et al., 2012). The fourth gene
associated with all three phenotypes is solute carrier family 46, member 3 (SLC46A3).
SLC46A3 has been implicated in non-alcoholic fatty liver disease (Chalasani et al.,
2010). Note that none of these SNPs based or gene-based variants have been
previously associated with alcohol dependence.
There are several limitations of this study to consider. Most notable is the small
sample size and subsequent lack of power to detect association for alcohol phenotypes
at a genome wide threshold. Several studies have demonstrated that very large sample
sizes are required to detect the subtle genetic influences thought to be acting on
complex behavioral phenotypes such as alcohol use/problems (Risch & Merikangas,
1996). Relatedly, the power of this sample was further diminished by the constraints of
the statistical program, qfam that was implemented to conduct the GWAS. This program
can only specify one type of familial relationship (in this sample the relationship between
dizygotic twins), thus the second MZ twin was not included and the sample size was
diminished. In an effort to test the effect this limitation had on the genetic association
results, we re-analyzed the data using two different statistical packages in R that specify
both MZ and DZ relationships, GENABLE (Aulchenko et al., 2007) and GWAF (Chen et
al., 2004). While GWAF uses a kinship matrix to specify the genetic relationship
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between twins (imposing 1 for MZ’s and 0.5 for DZ’s), GENABLE empirically establishes
the genetic relationship between twins. Future work is necessary to ensure that these
methods handle the genetic relationship between MZ twins adequately. In examining
the correlation between the log of the p-values associated with each SNP and AD sx
from each package, the results were strongly related. The correlation between results
from qfam (PLINK) and GWAF was 0.94, the correlation between results from qfam
(PLINK) and GENABLE was 0.96. The correlation between results from GWAF and
GENABLE was 0.94. We believe that this demonstrates that the power lost from the use
of qfam did not substantively affect the genetic association results, however future work
should compare specific genetic variants associated with AD sx produced by each
program. In addition, sex differences for genetic risk factors were not formally tested for
in the context of the GWAS analyses. Because the best fitting twin model implicated
that male and female alcohol phenotypes could be collapsed without a significant
decrease to model fit, we analyzed males and females together in the genetic
association analyses. However, collapsing male and female data may introduce further
heterogeneity into the phenotype. Another potential limitation of this study was choice of
statistical model. In this manuscript, we chose to use a cholesky decomposition model.
Preliminary model fitting suggested that the fit of the cholesky to this data was an
improvement on the independent and common pathway models. However, a
comparison of GWAS results from alternative genetic factors should be carried out in
future studies.
In summary, this study has provided modest evidence of association between AD
sx and several novel genetic variants (both SNPs and genes) that approach genome
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wide significance, including DOK7, which was implicated in both SNP and gene-based
analyses conducted in a Finnish population based sample. In addition, we have
replicated a previously reported genetic association between GABRG1 and alcohol
dependence. Each of the genetic variants presented in this study should be replicated in
an independent sample with comparable phenotypic measurement of DSM-IV alcohol
dependence symptoms. Finally, discordance between genetic association results from
AD sx and the genetic factor scores illustrates the inconsistency of GWAS results for
complex psychiatric phenotypes. Harmonization of phenotypes and methods across
comparable study designs is likely to result in the most robust genetic association
signals.
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Supplemental Tables
Table 18. Top SNP Results for the General Consumption and Problems Genetic Factor
CHR GENE
2
DOCK10
2
2
NRXN1

P-value
1.12E-05
1.16E-05
4.18E-05

3

8.77E-07

3
3
3
3
4
4
4
4
4
4
4
4
5
5
5
7
8
8
9
9
11
13
16
20
20
20

SNP
Lit
rs12469757** Cancers (Yelo et al., 2008)
rs11688439**
rs10490175
Alcoholism (Yang et al., 2005), Nicotine
dependence (Bierut et al., 2007), Sz (Moore
et al., 2011), Autism (Hedges et al., 2012)
BCHE
rs7429483
ADHD (Lesch et al., 2009); Az (Atack et al.,
1985)
rs1587425
rs1909526
rs11921615
SPATA16 rs506433
Male infertility (Dam et al., 2008)
rs7657618
PDGFC
rs4691381
Speech perception in dyslexia (Roeske et al.,
2009)
rs17035181
DOCK10 rs983473
Cancers (Yelo et al., 2008)
DOCK10 rs1816164
Cancers (Yelo et al., 2008)
rs1907091
rs17036640
CYP4V2
rs13146272* Bietti Crustalline dystrophy (Okialda et al.,
2012)
rs1560919
FSTL4
rs10515460
Ischemic stroke (Luke et al., 2008)
FSTL4
rs17166631
Ischemic stroke (Luke et al., 2008)
rs10244707
SLC7A2
rs13270915
Hyperthyroidism
SLC7A2
rs13252649
Hyperthyroidism
rs6476012
rs8181181
rs4075242
rs974288**
rs1437169
PLCB1
rs6056006
Schizophrenia, Depression (Vasco et al.,
2012)
PLCB1
rs2295179
Schizophrenia , Depression (Vasco et al.,
2012)
rs6056230

1.18E-05
1.37E-05
2.04E-05
2.07E-05
1.12E-06
5.70E-06
1.14E-05
1.16E-05
1.16E-05
1.26E-05
2.40E-05
2.48E-05
4.57E-06
1.88E-05
1.88E-05
2.60E-05
2.37E-06
3.03E-06
1.69E-05
2.40E-05
4.67E-06
7.32E-06
2.20E-05
8.83E-07
4.22E-06
2.46E-05

*Nominally significant association (p<0.01) with AD sx in the Collaborative Study on the Genetics of
Alcoholism GWAS **Nominally significant association (p<0.01) with max drinks phenotype (maximum
drinks in a 24 hr period) in the Collaborative Study on the Genetics of Alcoholism GWAS
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Table 19. Top SNP Results for the Alcohol Problems Genetic Factor
CHR
GENE
SNP
Lit
1
rs10046065
1
ST6GALNAC5 rs12461092
cancers (Oster et al., 2011)
1
AMPD3
rs7587040
skeletal muscle changes (Fortuin et al., 1998),
2
rs9355980
2
rs11629182
2
rs9459056
3
rs7587040
3
HMGB1
rs531855
3
rs7616907
3
rs978743
3
rs2664904
5
RASGRF1
rs1283924
myopia (Hysi et al., 2010)
5
rs17027082
6
PARK2
rs17214843
parkinson’ s disease (Matsumine et al., 1998)
6
rs1283926
6
rs10454559
6
rs995085
6
SYNJ2
rs12584812
6
PARK2
rs7756400
parkinson’ s disease (Matsumine et al.
6
PARK2
rs2269340
parkinson’ s disease (Matsumine et al.
10
rs2392038
11
FXYD6
rs6589624*
schizophrenia (Jiao et al., 2011)
11
FXYD6
rs7563569
schizophrenia (Jiao et al., 2011)
13
rs2025641
13
rs1947238
13
rs9578135
13
rs8075075
14
rs13035719
17
rs872387
17
rs12460438
19
rs7246529
19
rs7544426*
19
rs2023053
*Nominally significant association (p<0.01) with AD sx in the Collaborative Study on the
Genetics of Alcoholism GWAS
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P-value
2.26E-05
2.67E-05
2.87E-05
3.2E-06
1.31E-05
1.39E-05
3.1E-06
1.11E-05
2.57E-05
2.57E-05
2.63E-05
3.8E-06
0.000023
3.5E-06
5.7E-06
5.7E-06
7.9E-06
1.49E-05
2.79E-05
2.79E-05
2.66E-05
1.12E-05
1.12E-05
6.8E-06
9.6E-06
1.67E-05
1.67E-05
1.31E-05
1.76E-05
1.76E-05
2.18E-05
2.18E-05
0.000027

Table 20. Alternative Twin Model Fit Statistics
Model

-2 times LL

DF

AIC

BIC

(1) Independent Pathway

24832.923

6026

7019.077

-16301.402

(5) Cholesky Decomposition

17677.392

6591

4495.392

-15655.054

(1) Common Pathway

20524.380

6684

7156.380

-14577.171

(2) Independent Pathway

24825.650

6091

6956.350

-16194.384

(3) Cholesky Decomposition

16773.936

6601

4767.936

-10387.851

(3) Common Pathway

21245.490

6558

7211.490

-14997.122
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Chapter 4

Environmental Moderation of Alcohol Use in Adolescence: Common and/or Unique
Influences
**This chapter is adapted from the following manuscript:
Meyers JL, Latendresse SJ, Pulkkinen L, Korhonen T, Rose D, Kaprio J, Dick DM.
Environmental Moderation of Alcohol Use in Adolescence: Common and/or Unique
Influences. Under review in Alcohol Clin Exp Res.

Abstract
Background: There is an emerging literature documenting how specific environmental
factors moderate the importance of genetic effects on substance use and related
behaviors. In previous Finnish twin studies, we have found genetic influence on
adolescent substance use to be enhanced in environments characterized by lower
levels of parental monitoring and higher levels of deviant peer behavior. It remains
unclear whether these findings reflect a shared process, whereby both factors are
reflecting general environmental risk that creates a social opportunity for adolescents to
express genetic dispositions to problematic behavior, or whether there are unique
contributions of these respective environmental factors.
Methods: In this study, we follow-up on our previous findings (parental knowledge and
peer deviance), and test another potential environment of importance, frequency of
family dinner, as a moderator of etiological factors influencing frequency of alcohol use
at ages 14 and 17. Our dataset included 4,236 Finnish twins followed longitudinally. We
compared moderation effects at the level of shared variance, encompassing what is
common across these three variables, to the residual sources of variance specific to
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each variable. We use the longitudinal study design to explore the relationship between
these environmental moderators and behavioral outcomes across the span of
adolescence.
Results: All three environmental variables played a moderating role on the importance
of genetic and environmental influences on adolescent alcohol use, both jointly, through
common variance, and uniquely, through residual sources specific to each.
Conclusions: There are both common and unique moderation effects associated with
family and peer factors. The moderating effects associated with the common variance
may

conceptually

map

onto

an

overarching,

shared

mechanism

of

social

opportunity/control. However, there is also important and distinct information captured in
the variance unique to each individual environmental moderator. The moderating effects
associated with familial context (parental knowledge residual and frequency of family
dinner residual) were more robust in early adolescence, whereas the moderating effects
unique to the peer deviance residual persist throughout adolescence.
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Introduction
Alcohol use and alcohol-related disorders are known to be under considerable
genetic influence (Goldman 1993; Kendler et al. 1995; Tsuang et al. 2001). However,
there is growing recognition that static measures of heritability may mask important
changes in the relevance of genetic influences as a function of the environment. Many
specific environments have been demonstrated to moderate the magnitude of genetic
influences on individual variation in alcohol use. The earliest illustration of genetic
moderation in alcohol use research demonstrated that within an adult population-based
sample, genetic influences on alcohol use were greater among unmarried women,
whereas having a marriage-like relationship reduced the impact of genetic influences on
drinking (Heath et al. 1989). In 1999, Koopmans et al. demonstrated that religiosity
moderates genetic influences on alcohol use among adult females, with genetic factors
playing a larger role among those without a religious upbringing (Koopmans et al.
1999).
In addition to these studies that examined moderation of genetic influences in
adult samples, adolescent specific gene-environment interactions (GxE) have also been
a burgeoning area of study. As adolescent phenotypes have been shown to be powerful
indicators of risk for adult alcohol problems, adolescent alcohol use and related
behavior problems are relevant in understanding the genetic epidemiology of emerging
alcohol problems. Further, there is accumulating evidence that adolescent behaviors
may be particularly susceptible to environmental moderation of genetic effects since
most adolescents are not yet autonomous individuals and are highly influenced by their
home environment, family and peer group. In 2001, Rose and colleagues observed in
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Finnish adolescent twins, that genetic factors had more influence on frequency of
alcohol use in urban than in rural settings from age 16 to 18.5 years, whereas common
environmental factors accounted for more variation in alcohol use frequency in rural
areas (Rose et al. 2001a). Following up on these findings, Dick and colleagues (Dick et
al. 2001) found that specific neighborhood characteristics (ie. higher percentage of
young adults, migration and regional alcohol sales) also moderated the genetic
influence on alcohol use frequency in late adolescence (age 18). In 2009 (Dick et al.
2009), Dick et al. examined the moderating effects of socioregional factors on alcohol
use and behavior problems in younger twins (age 14). Their results were in line with the
original study of older adolescents, indicating that the genetic effects on adolescent
behavior problems were greater in urban settings and in neighborhoods characterized
by more slightly older adolescents and increased social mobility, whereas, common
environmental influences played a larger role in rural settings. Their results suggest that
communities characterized by older adolescent role models and greater social mobility
allow for increased expression of genetic dispositions that contribute to individual
differences in adolescent behavior problems. Conversely, communities with fewer older
peers and more social structure create opportunities in which common environmental
effects, within families and within communities, assume greater importance. The
authors hypothesized that higher rates of migration reflected reduced neighborhood
cohesion, stability, and monitoring, thus creating more opportunity for individual
expression of genetic predispositions. In 2003, Cleveland and Wiebe found that in
adolescent males, genetic influences on drinking were potentiated by exposure to
parental drinking; again, this may suggest a more opportunistic drinking environment for
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expression of genetic predispositions toward alcohol use (Cleveland & Wiebe 2003). In
2006, Dick et al. reported a moderating effect of parental monitoring on the genetic and
environmental influences on adolescent smoking (age 14) in Finnish twins (Dick et al.
2006). Genetic influences were enhanced in environments with lower parental
monitoring and reduced in environments with higher parental monitoring. These
analyses suggest that when adolescents receive little parental monitoring, it creates an
environment that allows for greater opportunity to express genetic predispositions and
conversely when adolescents receive more monitoring, the environment attenuates the
opportunity for genetic expression. Additionally, peer alcohol use was found to
moderate the genetic and environmental influences on adolescent drinking at age 17
within the Finnish twin sample (Dick et al. 2007a): among adolescents with a larger
number of peers who used alcohol, there was greater expression of genetic
predispositions. Finally, an interdependent sibling relationship is an important modifier
of drinking habits, and it appears to reduce the impact of inherited liabilities on alcoholrelated behavior especially in adolescence (Penninkilampi-Kerola et al. 2005).
More recently, these moderation effects have been extended into the molecular
literature. In 2009, Chen and colleagues extended these findings when they reported
that genetic risk for nicotine dependence associated with CHRNA3 SNP rs16969968
was modified by level of parental monitoring (Chen et al. 2009). In 2009, Dick et al.
reported that the association of GABRA2 with externalizing trajectories across
development (ages 12-22) diminished with high levels of parental monitoring (Dick et al.
2009) and more recently reported an interaction in which the association between
several SNPs in CHRM2 and externalizing behavior was stronger in environments with
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lower parental monitoring (Dick et al. 2011). In 2010, Johnson et al. reported that peer
smoking had a substantially lower effect on nicotine dependence among those with the
high-risk AA genotype at the functional SNP rs16969968 (CHRNA5) than among those
with lower-risk genotypes. Converging evidence from twin studies and molecular
genetic studies provide additional support for these GxE effects, as recently reviewed
by Young-Wolff et al, Clinical Psychology Review (2011).
Previously, we observed (Dick et al. 2007b) that the diverse interactions
observed in the alcohol literature appear to converge on a common mechanism, namely
that of social control versus opportunity. The various environments that have been
found to exacerbate genetic effects all appear to allow greater opportunity to express
individual predispositions (absence of a marital partner, presence of deviant or
substance using peers, lower parental monitoring, less religiosity, reduced community
monitoring/more

alcohol

availability,

independence

from

co-twin),

whereas

environments that provide greater social constraints allow less opportunity for genetic
predispositions to play a role; in these cases the environmental factors are more
important in individual’s drinking patterns. This raises question as to whether there is
anything specific about the moderation effects associated with different environmental
moderators, or whether moderation is concentrated at the level of common variance
shared across the theoretically different environmental dimensions. The present study
used data from a sample of Finnish twins to examine common versus unique
moderating effects associated with three environmental variables, parental knowledge,
peer deviance, and frequency of family dinner, on the genetic and environmental
influences on alcohol use at ages 14 and 17. This study used a longitudinal sample to
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explore the developmental relationship between these environmental moderators and
frequency of alcohol use at ages 14 and 17. Parental monitoring and peer deviance
were selected for further study based on our previous evidence of moderating effects
associated with these outcomes in the Finnish twin samples (Dick et al. 2007a, Dick et
al. 2007b). In addition, we added frequency of family dinner. Previous studies suggest
that more frequent family meals may reduce problem behaviors by providing structure,
stability, and improving family communications (Sen 2010). For these reasons, we
hypothesized that frequent family dinner has potential to operate as a social control in a
similar fashion to high parental monitoring and low peer deviance. While parental
knowledge and peer deviance have previously been shown to moderate adolescent
substance use, to our knowledge, frequency of family dinner has not yet been studied in
this context. In this paper, we expand on previous work by testing whether the genetic
moderation observed operates at the level of the shared and/or unique variance of
these environmental moderators. We test for moderation associated with a general
latent factor that encompasses the common variance between these three variables, as
well as for moderation associated with three individual factors consisting of the residual
variance specific to each environment.

Methods
Sample
The FinnTwin12 has been described in previous chapters (chapter 3). Briefly, the study
was designed to examine genetic and environmental influences on health-related
behaviors. Questionnaire assessments of both twins and their parents were collected at
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baseline, late in the year before the twins reached age 12 (87% participation rate), with
follow-up of all twins at age 14 (response rate 88%), and again at age 17 years (92.2%).
In all, 4,236 questionnaires were returned at age 17 out of the 4,594 already
participating in earlier questionnaires. For the current study, each environmental
moderator was measured at age 14, and the outcome variables (frequency of alcohol
use) were measured at ages 14 and 17.
Measures
Frequency of Drinking
At age 14, the questionnaire item asked the individual how frequently they drank alcohol
and included four response options: (0) never, I don’t drink alcohol, (1) less than once a
month, (2) about 1 to 2 times a month, and (4) once a week or more. At age 17.5, the
item included nine response options: (0) I don’t drink alcohol, (2) once a year or less, (3)
2-4 times per year, (4) about once every two months, (5) about once a month, (6) a
couple of times a month, (7) once a week, (8) a couple of times a week, (9) daily. The
latter response options were collapsed into four categories to parallel the age 14 data;
(0) never (1) weekly (3) monthly (4) daily. Non-drinkers were excluded from all
analyses. The four categories from each of the two drinking variables were transformed
into a continuous numeric scale so that they became semi-continuous variables;
individuals who reported they never drank were given a value of 0, individuals who
reported they drank less than once a month were given a value of .33, individuals who
reported using alcohol about 1 or 2 times per month were given a value of .50, and
individuals who reported using alcohol once per week or more were given a value of 1.
Age 14 drinking frequency was available on 5,656 same-sex twin individuals (1,395 MZ
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twin pairs, 1,433 DZ twin pairs). Age 17.5 drinking frequency was available on 4,732
same-sex twin individuals (1,168 MZ pairs, 1,198 DZ pairs).
Parental Knowledge (Knowledge)
Knowledge was assessed with four questions included in the twins’ questionnaire
administered at age 14. The questions, created by Chassin and colleagues (Chassin et
al. 1993), asked the adolescents to report on the degree to which their parents (1) know
about their daily plans (2) know of their interests, activities, and whereabouts (3) know
how they spend their money, and (4) know where and with whom they are outside of the
home. Responses were made on a 4-point scale ranging from 1 (almost always) to 4
(rarely or never). A sum score based on the tallying of these items was created on
4,542 adolescents. We note that we have previously referred to this measure as
“parental monitoring” in Finnish Twin Study publications, however, this variable likely
reflects both solicited information and spontaneous information provided by the child
and therefore we will refer to this measure as parental knowledge (Kerr & Stattin 2000).
Peer Deviance (Peers)
At age 14, the adolescents were asked the four following questions regarding their
friends’ behavior: (1) Do any of your friends /acquaintances drink? (2) Do any of your
friends/acquaintances smoke? (3) Do any of your friends/acquaintances use drugs? (4)
Do any of your friends/acquaintances get into trouble at school? For each of these
questions, the response options included: (1) None, (2) One, (3) 2–5, (4) More than five.
The term ‘friends /acquaintances’ rather than ‘friends’ was used here, because the
illegal nature of underage alcohol use and illicit drug use was considered and we
assumed that an adolescent would be more willing to report illegal behavior if it was not
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narrowly pinned to his or her own circle of friends (Rimpelä et al. 2006). A sum score
based on the tallying of these items was created on 4,542 adolescents.
Frequency of Family Dinner (Dinner)
Frequency of family dinner consisted of two items assessed at age 14: (1) frequency of
dinner together on weekdays and (2) frequency of dinner together on weekends.
Response options ranged from 1 (always) to 4 (never). Family dinner was defined as
having dinner with at least one parent/guardian. A sum score based on the tallying of
these items was created on 4,542 adolescents.

Statistical Analyses
Data Reduction
Prior to analysis, each moderator variable was re-coded so that higher scores on
each factor reflected higher risk to the adolescent (less parental knowledge, more peer
deviance and less frequent family dinner). Using Mplus version 6.1 (Muthen & Muthen
2006), a second-order confirmatory factor analysis was used to differentiate a secondorder common environmental factor, reflecting the shared variance across the three
distinct environments, from three residual first-order factors reflecting the variance
uniquely attributable to individual environments (χ2 (21df) = 253.072, p ≤ .0001, CFI = .99).
This higher-order factor structure yielded an improvement in fit over a model in which all
indicators loaded onto a single environmental factor (χ2 (21df) = 4795.811, p ≤ .0001, CFI
= .77). The common factor accounted for 63% of the variance in parental knowledge,
24% of the variance in frequency of dinner with family, and 25% of the variance in peer
deviance, leaving residual variances of 37%, 76%, and 75%, respectively, in the three
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unique environmental factors. These percentages, which equate to the squared path
coefficients in Figure 8,, suggest that the common factor is somewhat more indicative of
parental knowledge than it is of frequency of dinner with family and peer deviance.
These four environmental factors (one common and three unique, re
residuals)
siduals) were used
as moderators of the genetic and environmental sources of variability in adolescent
drinking in subsequent analyses.

Figure 8. Second Order Confirmatory Factor Analysis of the three Environments:
Parental Knowledge, Family Dinner, and Peer Deviance

Statistical Model
Comparisons of the similarity of monozygotic (MZ) and dizygotic (DZ) twin pairs
yield information about the degree of influence that can be attributed to genetic and
environmental factors for a particular outcome (Plomin et al. 2001).
2001) The basic
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genetically informative twin model partitions variance in a behavior into additive genetic
influences (A), dominant genetic influences (D), common/shared environmental
influences or (C), and unique environmental influences (E). Genetic influences correlate
1.0 between monozygotic (MZ) twins, who share all of their genetic variation identicalby-descent, and 0.5 between dizygotic (DZ) twins, who share, on average, 50% of their
segregating genetic variation, as do ordinary siblings. Shared environmental effects, as
defined in biometrical twin modeling, refer to all environmental influences that make
siblings more similar to one another. By definition, these influences correlate 1.0
between both MZ and DZ twins. Unique environmental influences are uncorrelated
between co-twins and have the effect of decreasing the covariance between siblings. As
dominant genetic influences (D) and shared environmental influences (C) cannot be
simultaneously modeled in twin-only data, we modeled shared environmental influences
(C) because the DZ twin correlation exceeded ½ of the MZ twin correlation for each of
the present study’s outcomes. Moderation models were fit to test whether the variance
components for each of the phenotypes differed as a function of shared and unique
environmental factors. Figure 9 shows a classic twin model (for clarity, including only 1
twin in the pair) that has been modified to include a moderation component (Purcell
2002). The standard paths a, c, and e, indicating the magnitude of effect of additive
genetic influences, shared environmental influences, and unique environmental
influences, now each include a β term, which indicates the significance of a potential
moderator variable M on each of these genetic and environmental influences. The value
of M changes from subject to subject, taking on the value of the measured variable for
that subject (i.e., parental knowledge, peer deviance and family dinner in our models).
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In the moderation model, the additive genetic value is a linear function of the moderator
M, represented by the equation a + βXM, where βX is an unknown parameter to be
estimated from the data, representing the magnitude of the moderating effect. If βX is
significantly different from zero, there is evidence for a moderating effect. A similar logic
follows for the βY and βZ pathways, which represent the extent to which a specific
moderator variable alters the importance of shared and unique environmental
influences, respectively. In other words, the moderation model allows us to test whether
the importance of additive genetic effects (a), shared environmental effects (c), and
unique environmental effects (e) are changing as a function of the measured variable.
The pathway l + βMM models main effects of the moderator variable on the outcome.

There is some evidence of genetic influence on each of the previously studied
environmental moderators, parental knowledge and peer deviance (Kendler et al, 2007;
Latendresse et al., 2010). For each of the presumed environmental moderators,
heritability estimates were 0.27, 0.35, 0.15 for parental knowledge, peer deviance and
family dinner respectively. However, previous analyses in this sample have suggested
that even for those environments showing some small degree of genetic influence, the
correlation with drinking frequency in early adolescence was largely environmentally
mediated (Latendresse et al., 2010). Further, any covariance between the moderator
and the outcome (and accordingly, any gene-environment correlation) is incorporated
into the means model.
All modeling was conducted using the raw data option in Mx (Neale 2000). Mx is
a structural equation modeling program developed specifically for the use of twin and
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family data. The significance of each of the parameters in the model can be tested by
dropping a parameter and evaluating the change in 2 log likelihood between the initial
model and the nested submodel. This difference is evaluated using a chi-square
distribution. A significant change in fit between the models (p < 0.05) for the difference
in degrees of freedom indicates that dropping the parameter caused a significant
decrease in the model fit, indicating that this dropped pathway significantly contributes
to the outcome trait and should be retained in the model.
Model-fitting proceeded in a series of steps. First, we tested the significance of
the main effect of the moderator separately on drinking frequency at age 14 and 17.
Next, we tested the significance of total moderation effects by dropping all moderating
effects of the environment on the genetic, shared and unique environmental influences
on drinking frequency simultaneously (3 df test, βX, βY, and βZ dropped). When this test
was significant, we conducted further testing to determine what specific variance
components showed significant moderation by sequentially dropping and testing the
significance of each of the moderating effects one by one (moderation of (1) A, (2) C,
and (E)). We followed this series of analyses for each moderator: the common
environment, the parental knowledge residual, the peer deviance residual, and the
family dinner residual. We fit all models separately for frequency of drinking at age 14
and frequency of drinking at age 17.
Figure 9. Moderation model
The latent variable A, represented in a circle, indicates additive genetic influences on the trait (T) of interest.
C represents common (shared) environmental influences on a trait, and latent E represents unique
environmental influences, which are uncorrelated between the twins. The triangle indicates the mean ⁄
thresholds for T and is necessary when modeling raw data. The standard paths a, c, and e, indicating the
magnitude of effect of each latent variable on the trait, each include a b term, which indicates the significance
of a measured moderator variable M on each of these genetic and environmental influences.
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Preliminary power analyses suggested that there was low power to discriminate
sex effects, because of the large sample sizes necessary to simultaneously model
moderation and sex effects with ordinal outcomes. Accordingly, female and male twins
were collapsed by zygosity in modeling, though thresholds for variables were allowed to
differ between the sexes when indicated by the data reflecting sex differences in
prevalences of alcohol use.
Results
Descriptive Statistics
For age 14 alcohol use frequency, 64.9% of the sample reported that they had never
used alcohol, 20.4% reported drinking less often than once a month, 12.1% reported
using alcohol about 1 or 2 times per month, and 2.6% reported using alcohol once per
week or more. For alcohol use frequency at age 17, 11.9% of the sample reported that
they had never used alcohol, 22.3% reported drinking less often than once a month,
41.5% reported using alcohol about 1 or 2 times per month, and 24.3% reported using
alcohol once per week or more. Scores for parental knowledge ranged from 4 to 16
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(M=6.5, SD=2.14). Peer deviance scores ranged from 4 to 16 (M =7.47, SD=3.18).
Scores for frequency of family dinner ranged from 2 to 8 (M =4.82, SD=1.35). The
common environmental factor, parental knowledge, peer deviance, and family dinner
were each positively and significantly correlated with each other (all correlations are
detailed in Table 21).

Table 21. Pearson Correlations of Environmental Moderators and Behavioral Outcomes
Correlations

Common
Environment

Common
Environment
Parental
Knowledge
Residual
Peer
Deviance
Residual
Frequency of
Family Dinner
Residual
Age 14
Alcohol Use
Age 17
Alcohol Use

Parental
Knowledge
Residual

Peer
Deviance
Residual

Freq. of
Family
Dinner
Residual

Age 14
Alcohol
Use

Age 17
Alcohol
Use

1
.693*

1

.243*

.306*

1

.258*

.239*

.107*

1

.444*

.163*

.387*

.069*

1

.272*

.117*

.208*

.041*

.323*

1

*Significant at a p<0.0001

Moderation Models
The results from each of the models, testing for moderation effects associated
with the shared variance and with the residual variances of parental knowledge, peer
deviance and family dinner, respectively, are displayed in Table 22 and graphically in
Figure 10 according to moderator and outcome. There was a significant main effect of
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all environmental variables (shared variance, knowledge residual, peers residual, dinner
residual) on alcohol use frequency at age 14. Dropping moderation effects on additive
genetic, shared environmental and unique environmental factors significantly reduced
model fit for the shared variance factor, knowledge residual and peers residual. Figure
10 depicts the direction of these effects. For the dinner residual, only dropping the
shared environmental moderation effects significantly reduced model fit.
At age 17, there was a significant main effect of the shared variance and residual
peer deviance on alcohol use frequency. There was no main effect of residual parental
knowledge or residual family dinner on age 17 alcohol use frequency. Simultaneously
dropping additive genetic, shared environmental and unique environmental moderation
effects significantly reduced model fit only for peer deviance. Figure 10 depicts the
direction of these effects. For the shared variance factor, dropping additive genetic and
unique environmental moderation effects significantly reduced model fit. Although there
was not a significant main effect of the parental knowledge residual on alcohol use
frequency at age 17, modest genetic moderation and borderline significant shared and
unique environmental moderation (p<0.10) was observed. There were no statistically
significant moderating effects of genetic or environmental influences on frequency of
drinking at age 17 associated with the frequency of family dinner residual.
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Table 22. Results from each of the models, testing for moderation effects associated
with the common environmental risk variance and the residual variance associated with
parental knowledge, peer deviance and frequency of family dinner
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Figure 10. Results from each of the models, testing for moderation effects associated with the
general environmental factor, parental knowledge, peer deviance and frequency of family dinner
on frequency of drinking at ages 14 and 17. Note: The dichotomous depiction of the
environmental moderators is used only for illustration; a semi-continuous variable was used in
the models
Outcome

Environment

Age 14 Drinking Frequency
Social Control
Social Opportunity
General Environment

0.15

0.15
0.1

A

0.1

0.05

C

0.05

A
C

E

0

E

0
-0.41

Parental
Knowledge

Age 17 Drinking Frequency
Social Control
Social Opportunity

0.028

0.467

-0.41

0.028

0.467

0.15

0.15
0.1

A
C

0.05

0.1

A
C

0.05

E
0
-0.26

Peer
Deviance

E
0

0.004

0.274

-0.26

0.15

0.004

0.274

0.15

0.1

A
C

0.05

0.1

A
C

0.05

E

0
-0.56

Family
Dinner

E

0
0.02745

0.617

-0.56

0.15

0.02745 0.617

0.15

0.1

A

0.1
A

C

0.05

C

0.05
E

E

0
0
0.422

0.0146

-0.39
0.422 0.0146
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-0.39

Discussion
Previous studies have demonstrated that a variety of environmental variables
moderate the relative magnitude of genetic effects on substance use, dependence, and
related disorders.

These include environments that span a number of different

domains, including parental factors (Dick et. al. 2007b, Chassin et al.1993), peer
influences (Dick et al. 2007a), neighborhood influences (Rose et al. 2001a, Dick et al.
2009), romantic relationships (Heath et al. 1989) and religious influences (Koopmans et
al.1999). A common element of many of the detected effects is that genetic influences
are enhanced in conditions that allow opportunity to express predispositions and
diminished in environments that could be perceived as more constraining. The various
environments that have been found to exacerbate genetic effects all appear to allow
greater opportunity to express individual predispositions (absence of a marital partner,
presence of deviant or substance using peers, lower parental monitoring, less
religiosity,

reduced

community

monitoring/more

alcohol

availability),

whereas

environments that provide greater social constraints allow less opportunity for genetic
predispositions to play a role; in these cases environmental factors are more important
in individual’s drinking patterns.
These effects map onto Shanahan and Hofer’s proposed Social Context as
Social Control mechanism of GxE, whereby social controls (such as parental monitoring
and involvement, positive peer influences and lack of access to illegal substances) may
attenuate the genetic predisposition to adolescent substance use. This mechanism is
one of the four potential GxE mechanisms offered in a Shanahan and Hofer’s 2005
review, which also delineated contextual triggering, social context as compensation, and
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social context as enhancement (Shanahan & Hofer 2005). The first proposed
mechanism, contextual triggering, refers to a detrimental environment combining with a
genetic predisposition to produce the negative outcome. Social context as
compensation refers to an enriched setting that prevents the expression of a genetic
predisposition to a negative outcome. Lastly, social context as enhancement refers to
the ability the environment has to accentuate genetic predispositions for positive
outcomes. The examples of the specific environments that moderate the genetic
predisposition to adolescent substance use, parental knowledge, peer alcohol and drug
use, neighborhood characteristics, all appear to fall under the “social context as social
control” mechanism, and suggest that this mechanism is particularly relevant in alcohol
use.
This conceptually shared mechanism begs the question as to whether there is
anything uniquely important about each of the individual environments, or whether they
are all simply reflective of a shared environmental factor. The present study sought to
address this question. We examined the specificity of the moderating effects of three
environmental variables, two of which previously have been demonstrated to moderate
adolescent substance use (parental knowledge and peer deviance), and one new
variable: family dinner. Our results suggested that while there is evidence of genetic
moderation by the shared variance across these environmental moderators, there is
also important information unique to parental knowledge, peer deviance and frequency
of family dinner. All three of these environmental variables play a moderating role in
adolescent alcohol use, both jointly, through shared sources of variance, and uniquely,
through residual sources specific to each. Further, while all three environments may
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operate via a shared mechanism, each individual environment is important in its own
right; they are not merely operating as proxies of one another or a shared risk
environment.
The longitudinal study design we employed allowed us to study the relationships
between environmental moderators and alcohol use across adolescent development.
Each of the moderators we examined predicted frequency of alcohol use at age 14.
However, by age 17 only peer deviance remained significant. As the environments were
measured early in adolescence (age 14), it seems reasonable that they were less
developmentally relevant by age 17. The moderating effect of the shared factor,
parental knowledge unique variance, and family dinner unique variance on genetic
influences decreased across time. While the moderating effects of the shared variance
factor and variance unique to parental monitoring remained statistically significant by
age 17, the moderating effects of the family dinner residual diminished entirely.
Alternatively, the moderating effects of the unique variance associated with peer
deviance on genetic influences increased, having reached its greatest significance at
age 17. We believe that the specific familial contexts (parental knowledge and
frequency of family dinner) appeared to be more relevant in early adolescence when
individuals have less autonomy, while specific peer influences persisted because
individuals are actively engaged in selecting their social networks throughout
adolescence.
Note that these developmental effects should be interpreted with caution as
drinking frequency at age 14 and age 17 are likely reflecting somewhat different
developmental phenomena. Twin studies suggest that age 14 drinking is more closely
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linked to adolescent externalizing behavior whereas age 17 drinking is more closely
related to young adult drinking patterns (Kendler et al., 2011). As the current sample
size lacked the power required to simultaneously model drinking initiation and regular
drinking frequency, we ran parallel analyses for age 14 externalizing behavior as
measured by the Multidimensional Peer Nomination Inventory (Pulkinen et al., 1998). In
this sample, age 14 behavior problems and drinking frequency were signficantly
correlated (r2=0.256) and the continuous measure of behavior problems lacked the
skewed nature of the drinking frequency measure (65% of the sample reported never
drinking at age 14). The results from these analyses were virtually identical to the age
14 drinking frequency results, yet showed more robust moderation effects for both
genetic and environmental influences. We believe this provides additional support for
the age 14 drinking frequency results as well as for the shared genetic relationship
between behavior problems and alcohol use in adolescence.
There are several additional limitations of this study to consider. One is the
inability to examine sex effects due to a lack of power to simultaneously model
moderation and sex effects. While we modeled different means and variances for males
and females, the present analyses do not formally test for sex differences. Another
consideration is the factor loadings for the shared factor. This factor is more
representative of parental knowledge and somewhat less so of peer deviance and
family dinner, though we believe the structure of the shared variance is interesting in its
own right. However, it is important to keep in mind that the “shared variance factor” is
most strongly influenced by parental knowledge. Also note that parental knowledge was
assessed at age 14, that is, 3 years before the study of drinking behavior at age 17. The
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positive parent-child relationship in mid-childhood (indicated by a high parental
knowledge score) may potentially have longstanding significance; it may help the
parents to cope with adolescent processes and limit the number of deviant peers the
child engages with. Thus, while we treat these environments as different variables, they
are not necessarily entirely independent of each other. Although measures of
socioregional and neighborhood factors which previously showed moderation of
adolescent alcohol use were available in this sample, they were not included in these
analyses. Preliminary analyses indicated a weak relationship between socioregional
demography measures and parental knowledge (r=0.11), peer deviance (r=0.07), and
family dinner (r=0.09).

As such, including these socioregional and neighborhood

measures in the common factor analysis provided a poor fit to the data. We believe that
this provides additional evidence that there are effects unique to specific environments,
even though the mechanism of influence may be similar.
Currently, large-scale efforts to identify specific genetic risk factors for alcohol
use are underway. As researchers continue to refine molecular genetic methods, it is
important to use all available information on the epidemiology of alcohol use to inform
these methods. This study adds to a literature that provides evidence of environmental
moderation of the genetic influence on alcohol use. That is, genetic influences on
alcohol use will diminish or strengthen given environmental circumstance. Our findings
suggest that there are moderating effects of the shared environmental variance on
adolescent alcohol use, as well as information captured by the variance unique to each
individual environment. The shared environmental variance may conceptually map onto
an overarching mechanism of social opportunity/social control. In addition, our findings
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indicate that it is important to carefully consider the most influential environments for a
given age group in a given sample, as the relevance of particular environments on the
genetic influences on alcohol use tend to shift across development. We believe that
these twin studies have important implications for gene-finding studies in that ignoring
the effects of the environment on genetic risk for alcohol use may lead to missed
opportunities in identifying key risk factors for alcohol use.
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Chapter 5
Life Events Moderate Genetic and Environmental Influences on Adolescent
Externalizing Disorders
Abstract

Background: The well documented association between life events and adolescent
alcohol use has led researchers to examine this candidate environment as a moderator
of genetic influences on alcohol-related outcomes. A recent twin study found that as the
number of stressful life events increased, additive genetic influences on adolescent
externalizing disorders also increased (Hicks et al., 2009). The goal of the present study
is to examine life events, one important environmental context related to adolescent
alcohol use, as a moderator of genetic influences on adolescent alcohol use using two
complementary methods: twin modeling and genetic risk scores.

Methods: We first used twin data from the Finntwin12 to examine the moderation
effects of life events at age 14 on concurrent alcohol use (age 14) and later use at age
17. We then used available GWAS data on these same twins to create genetic risk sum
scores (GRSS; an index of aggregate genetic risk for frequent adolescent alcohol use)
and examined whether life events in early adolescence moderated this measured
genetic risk.

Results: Our twin study found that in conditions of more life events, both additive
genetics, shared and unique environment play a more important role; conversely, in the
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conditions of less life events, latent additive genetic factors, shared and unique
environmental factors were attenuated. This effect was significant at age 14 only. The
GRSS created for the twins significantly predicted frequency of use at both ages 14 and
17; however, the interaction between the GRSS and age 14 life events was only
significant at age 14.

Conclusions: Testing for environmental moderation at the level of aggregate molecular
genetic risk allows us to parallel the established latent gene-environment interaction
effects reported from twin studies. This method also allows us to begin to more
systematically characterize the specific environments that are critical for moderating the
importance of a genetic predisposition, and the ages and developmental stages at
which these gene environment interactions operate.
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Introduction
Alcohol use is a normative part of adolescent life (Johnston et al., 2006), but
frequent or heavy adolescent alcohol use is associated with a host of problems at both
personal and societal levels (Gaffney et al., 1998; Jelalian et al., 2000) and may
develop into pervasive adulthood disorders (Schulenberg and Maggs, 2002; Brown et
al., 2008). Both genetic and environmental factors contribute to alcohol use in
adolescence (Rose et al., 2001; Maes et al., 1999); furthermore we also know that
genetic and environmental risk and protective factors often do not exist independent of
one another. Examining the interactive effects of factors associated with adolescent
alcohol use is important for understanding the contexts in which risk is amplified or
attenuated. The goal of the present study is to examine life events, one important
environmental context related to adolescent alcohol use, as a moderator of genetic
influences on adolescent alcohol use using two complementary genetically-informed
methods: twin modeling (in which we test for moderation of latent, unmeasured genetic
influences) and genetic risk sum scores (in which we test for moderation of the effect of
aggregated measured genotypes).
Disruptive or stressful life events are related to adolescent alcohol use in both
human and non-human animals. For example, female rats exposed to prenatal restraint
stress tended to consume higher amounts of ethanol in adolescence (van Waes et al.,
2011). Similarly, adolescent rhesus monkeys exposed to a prenatal noise stressor show
an increasing alcohol preference across a five-week period in adolescence (Schneider
et al., 2002) and rhesus monkeys with a history of stressful rearing experiences (peer
rearing) consume more alcohol in adolescence compared to rhesus monkeys raised by
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their mothers (Higley et al., 1991). In the human literature, fifteen-year-olds who
experienced more life events in the three years prior were more likely to have had more
than five drinks in a row (four for females) and to have consumed a greater maximum
amount of alcohol per occasion relative to those who had not experienced multiple
events (Blomeyer et al., 2008). Nineteen-year-olds who experienced more life events in
the four years prior reported more binge drinking days and greater number of drinks in
the past 45 days relative to those who experienced fewer life events (Laucht et al.,
2009). A cross-sectional study of high school juniors likewise found positive
associations between stressful life events and concurrent alcohol use and alcohol
problems (Windle and Windle, 1996). Convergent findings from the developmental
trauma literature indicate that adverse life experiences (e.g., maltreatment) and
concurrent life events are associated with clinical alcohol use disorders in adolescents
(Clark et al., 1997).
The robust association between life events and adolescent alcohol use has led a
number of research groups to examine this candidate environment as a moderator of
genetic influences on alcohol-related outcomes. For example, a recent twin study found
that as the number of stressful life events increased, additive genetic influences on
adolescent externalizing disorders (as measured with a composite of self- or motherreported symptoms of antisocial behavior, alcohol, nicotine, and illicit drug dependence,
and teacher-reported externalizing behaviors) also increased (Hicks et al., 2009). The
widely-studied serotonin transporter (5-HTTLPR) polymorphism was also found to
interact with past-year life events to predict first-year college students' drinking (Covault
et al., 2007). Those homozygous for the short allele drank more frequently and more
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heavily if they had also experienced multiple stressful life events. Similarly, adolescent
carriers of the short allele with a history of maltreatment report an earlier age of alcohol
use onset (Kaufman et al., 2007), although in at least one case those homozygous for
the long allele appeared to be at greater risk if they had experienced greater early
psychosocial adversity or adolescent life events (Laucht et al., 2009). Similar findings
emerge from the animal literature, where female rhesus monkey carriers of the
long/short allele of the orthologous rh5-HTTLPR genotype exposed to stressful peerrearing early in life consumed more alcohol as adolescents compared to peer-reared
carriers of the long/long allele (Barr et al., 2004). Variation in corticotropin releasing
hormone receptor 1 (CRHR1), a gene implicated in stress responsivity, also interacts
with stressful life events to predict earlier age of onset of first drink (Schmid et al., 2010)
and heavy adolescent drinking for those homozygous for the C allele of rs1876831
(Blomeyer et al., 2008).
Despite these advances, several gaps exist in our understanding of how stressful
life events come together with genetic risk to predict adolescent alcohol use. First,
although one adolescent twin study indicates that genetic influence on broadband
externalizing disorders (including symptoms of alcohol dependence) increases as levels
of life stress increase (Hicks et al., 2009), to our knowledge no study has examined
whether this effect holds for adolescent alcohol use in particular. Relatedly, whether the
moderating effect of adolescent life events is sustained over time or is limited to crosssectional effects has not yet been examined. Addressing this question is important for
understanding the long-term consequences of stressful life events during this period of
rapid developmental change, which some have suggested may be a sensitive period for
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downstream cognitive, behavioral, and emotional problems (Steinberg, 2005). Second,
although evidence suggests that heritability for externalizing behavior increases under
conditions of greater life stress (Hicks et al., 2009), examining the nature of this
interaction effect using a measured genetic risk approach that goes beyond single-gene
studies represents an important next step in this area.
The goal of the present research is to address these gaps in the literature by
bringing together two complementary methods to examine stressful life events as a
moderator of genetic influence on adolescent alcohol use. First, we use data from a
genetically informative, population-based sample of monozygotic and dizygotic twins to
examine whether life events in early adolescence moderate genetic and environmental
risk for alcohol frequency concurrently (age 14) and over time (age 17). Next, we use
genome-wide association data available on a subset of participants from the twin
sample to create genetic risk sum scores and examine whether and how life events in
early adolescence moderate measured aggregate genetic risk to predict alcohol
frequency in early and later adolescence.

Methods
Sample
The FinnTwin12 has been described in previous chapters (chapters 3 and 4). This
chapter uses data on drinking frequency from the age 14 and 17.5 assessments since
adolescence was hypothesized to be a time when gene-environment interactions would
be particularly salient. The genotypic data used data collected at the age 22 follow up.
184

DNA was collected on a subset of the twins from the epidemiological sample that has
been more intensively studied.

There were 1,069 individuals with genetic data,

including 406 monozygotic (MZ) twin individuals and 614 dizygotic (DZ) twin individuals.
Measures
Frequency of Drinking
At age 14, the questionnaire item asked the individual how frequently they drank alcohol
and included four response options: (0) never, I don’t drink alcohol, (1) less than once a
month, (2) about 1 to 2 times a month, and (4) once a week or more. 64.9% of the
sample reported that they had never used alcohol, 20.4% reported drinking less often
than once a month, 12.1% reported using alcohol about 1 or 2 times per month, and
2.6% reported using alcohol once per week or more. Parallel response options were
created using the age 17.5 data. At age 17.5, 11.9% of the sample reported that they
had never used alcohol, 22.3% reported drinking less often than once a month, 41.5%
reported using alcohol about 1 or 2 times per month, and 24.3% reported using alcohol
once per week or more. The four categories from each of the two drinking variables
were transformed into a quasi-continuous numeric scale by creating a scaled ratio for
each ordinal value for modeling. Age 14 drinking frequency was available on 5,656
same-sex twin individuals (1,395 MZ twin pairs, 1,433 DZ twin pairs). Age 17.5 drinking
frequency was available on 4,732 same-sex twin individuals (1,168 MZ pairs, 1,198 DZ
pairs).
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Life Events
At age 14, the adolescents were asked if any of the following fifteen life events had
happened to them and their family in the past two years. The items included: (1) moved
to a new neighborhood or town with your family, (2) a close friend moved away, (3)
changed schools, (4) you have experienced a serious illness or accident, (5) someone
close to you has been seriously ill or hurt, (6) someone close to you has died, (7) your
parents have had serious conflicts, (8) your mother or father has moved out of the
house/parents divorced, (9) a new mate of your mother or father has moved in, (10)
your sister or brother has moved away from home, (11) a close teacher/coach has
changed, (12) a close friendship has ended, (13) mother or father has been
unemployed, (14) mother has started working after being home a long time, (15) a new
sibling has been born. A sum score was computed for each individual such that higher
scores indicated more life events. Life events scores ranged from 0 to 13 (M=2.8,
SD=1.61). A z-score of the standardized stressful life events score was used in
analyses. We note that previously this life event scale has been referred to as stressful
life events on account of the disruptive nature of events listed above (including such
events as the death of a parent). However, the relationship between life events scores
and the adolescent’s report of stress level induced by these events was moderate
(r=0.44), indicating that either some individuals did not perceive these events as
stressful, or lacked the insight to describe them as so. Because this scale also includes
normative life events (including such events as the birth of a new child), we will refer to
this scale as life events.
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Twin Modeling
Comparisons of the similarity of MZ and DZ twin pairs yield information about the
degree of influence that can be attributed to genetic and environmental factors for a
particular outcome (Plomin et al. 2001). The basic genetically informative twin model
partitions variance in a behavior into additive genetic influences (A), dominant genetic
influences (D), common environmental influences or (C), and unique environmental
influences (E). Genetic influences correlate 1.0 between monozygotic (MZ) twins, who
share all of their genes identical-by-descent, and 0.5 between dizygotic (DZ) twins, who
share, on average, 50% of their segregating genes, as do ordinary siblings. Common
environmental effects, as defined in biometrical twin modeling, refer to all environmental
influences that make siblings more similar to one another. By definition, these
influences correlate 1.0 between both MZ and DZ twins. Unique environmental
influences are uncorrelated between co-twins and have the effect of decreasing the
covariance between siblings. As dominant genetic influences (D) and common
environmental influences (C) cannot be simultaneously modeled in twin-only data, we
modeled common environmental influences (C) because the DZ twin correlation
exceeded ½ of the MZ twin correlation for each of the present study’s outcomes.
Moderation models were fit to test whether the variance components for each of the
phenotypes differed as a function of common and unique environmental factors.
Chapter 4, figure 2 shows a classic twin model (for only 1 twin in the pair) that has been
modified to include a moderation component (Purcell 2002). The standard paths a, c,
and e, indicating the magnitude of effect of additive genetic influences, common
environmental influences, and unique environmental influences, now each include a β
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term, which indicates the significance of a potential moderator variable M on each of
these genetic and environmental influences. The value of M changes from subject to
subject, taking on the value of the measured variable for that subject (i.e., life events in
our models). In the moderation model, the additive genetic value is a linear function of
the moderator M, represented by the equation a + β XM, where βX is an unknown
parameter to be estimated from the data, representing the magnitude of the moderating
effect. If βX is significantly different from zero, there is evidence for a moderating effect.
A similar logic follows for the βY and βZ pathways, which represent the extent to which
a specific moderator variable alters the importance of common and unique
environmental influences, respectively. In other words, the moderation model allows us
to test whether the importance of additive genetic effects (a), common environmental
effects (c), and unique environmental effects (e) change as a function of the measured
variable. The pathway l + βMM models main effects of the moderator variable on the
outcome. Also included in this pathway are any gene–environment correlation effects
between the moderator variable and outcome. Thus, any covariance between the
moderator and the outcome is incorporated into the means model. All modeling was
conducted using the raw data option in Mx (Neale 2000). Mx is a structural equation
modeling program developed specifically for the use of twin and family data. The
significance of each of the parameters in the model can be tested by dropping a
parameter and evaluating the change in 2 log likelihood between the initial model and
the nested submodel. This difference is evaluated using a chi-square distribution. A
significant change in fit between the models (p < 0.05) for the difference in degrees of
freedom indicates that dropping the parameter caused a significant decrease in fit of the
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model, indicating that pathway significantly contributes to the outcome trait and should
be retained in the model. Inherent in twin modeling are crucial assumptions that must be
met when interpreting parameter estimates, the most notable being the “equal
environments assumption”, which presumes that twins who are reared together receive
equal treatment and essentially have the same “shared” environment for the trait of
interest. An additional assumption requires that no differences may exist in the means
and variances of variables as a function of zygosity; means and variances must be
equivalent for MZ and DZ twins.
Model-fitting proceeded in a series of steps. We first tested the significance of the main
effect of the moderator. We then tested the significance of moderation effects by
dropping all moderation (3 df test, βX, βY, and βZ dropped). When this test was
significant, we conducted further testing to determine what specific variance
components showed significant moderation by sequentially dropping and testing the
significance of each of the moderating effects one by one. We fit models separately for
the moderator (life events) with each the two drinking frequency outcomes: frequency of
drinking at age 14 and 17.
Preliminary power analyses suggested that there was low power to discriminate sex
effects because of the large sample sizes necessary for adequate power to detect
moderating effects with ordinal outcomes. Accordingly, female and male twins were
collapsed by zygosity in modeling, though thresholds for variables were allowed to differ
between the sexes when indicated by the data.
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Genetic Association Analyses
All twins with DNA were genotyped using the Illumina 670K custom chip at the
Welcome Trust Sanger Centre. SNPs were excluded if the minor allele frequency was
less than 1%; further SNPs were excluded if significant (P<10-4) deviation from Hardy–
Weinberg equilibrium was observed. The data were checked for minor allele frequency
(>1%) and had a genotyping success rate per SNP and per individual (>95%). To guard
against the possibility that any pairs of individuals were unexpectedly related, a MDS
plot (using a pairwise-IBS matrix) with only one member of each known family was
created. After the pedigrees were confirmed to be correct, we reapplied the basic filters
(MAF, genotyping success, HWE) to the data. Genotypes for altogether 535,613
polymorphic markers were available for analysis. An additive model was assumed, and,
because of the semi-continuous outcome variable, linear regression was used.
In order to create polygenic risk scores for each individual, we first ran genome wide
association analyses using frequency of drinking at age 14 and 17.5 (separately) as the
outcomes. For the initial GWAS analyses, linear regression was performed on
frequency of drinking using PLINK v1.07 for all autosomes. Additionally, the family
structure of the data was accounted for using a permutation procedure performed in
PLINK (qfam) that randomly shuffles the degree of relatedness among all individuals.
Because the qfam procedure can specify only one type of familial relationship, both
individuals from each DZ pair and one individual from each MZ twin pair was included in
the analyses, reducing the sample size from 1,069 to 872 individuals (1 MZ twin and
both DZ twins). Each of the top SNP level results were used to create a weighted
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genetic risk score for each individual. SNPs with a nominal p- value less than 0.01 were
included in the genetic risk score.
Once genetic risk scores were computed for each individual, we used linear regression
to test if the moderators (life events) interacted with genetic risk for drinking to predict
greater frequency of drinking at age 14 and/or age 17.5. The first model included the
main effect of the life events score, the second model included both main effects of the
genetic risk score and the life events score as well as the interaction term. Sex was
collapsed to parallel the twin analyses, and used as a covariate in all analyses. Principal
components analyses of the population structure performed in Eigenstrat
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indicated a

single dimension of ancestry. As there was no evidence of ethnic stratification within this
sample all individuals were included in the genetic analyses.

Results
Descriptive Statistics
For age 14 drinking frequency, 64.9% of the sample reported that they had never
used alcohol, 20.4% reported drinking less often than once a month, 12.1% reported
using alcohol about 1 or 2 times per month, and 2.6% reported using alcohol once per
week or more. After adjusting for the familial clustering in the data, girls are slightly
more likely to report alcohol use than boys at this early age [F(2.77, 3965.03) = 3.39, p
= 0.02], as has been discussed previously in this sample (Rose et al. 2001b). For
drinking frequency at age 17, 11.9% of the sample reported that they had never used
alcohol, 22.3% reported drinking less often than once a month, 41.5% reported using
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alcohol about 1 or 2 times per month, and 24.3% reported using alcohol once per week
or more. Life events scores (standardized) ranged from 0 to 13 (M=0, SD=1).
Greater life events scores were positively and significantly correlated with
drinking frequency at age 14 and 17. Life events were not significantly associated with
either genetic risk for drinking frequency at age 14 or 17; thus there is no evidence of a
gene-environment correlation in this data. As expected the genetic risk scores were
significantly associated with drinking frequency variables from which they were derived,
both at age 14 and 17 (all correlations are detailed in Table 23).

Table 23. Correlations of Number of Life Events, Genetic Risk Scores and Frequency of
Drinking
Correlations

Life Events Score

Life
Events
Score

Genetic
Risk Score
Age 14

Genetic
Risk Score
Age 17

Age 14
Drinking
Frequency

Age 17
Drinking
Frequency

1

Genetic Risk Score Age 14

.059

1

Genetic Risk Score Age 17

.063

.129*

1

Age 14 Drinking Frequency

.121*

.543*

.266*

1

Age 17 Drinking Frequency

.060*

.150*

.871*

.323*

*Significant at a p<0.01
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Twin Analyses
There was a significant main effect of the number of life events on age 14
drinking frequency. A greater number of life events was associated with more frequent
drinking. Conversely, fewer life events were associated with less frequent drinking.
Similar effects were observed with age 17 drinking frequency; a greater number of life
events were associated with more frequent alcohol use at age 17. The results from
each of the models, testing for moderation effects associated with number of life events
are displayed in Table 24 and graphically in Figure 11. The results for each of the
outcomes based on these model fits are detailed below. Dropping additive genetic,
shared environmental and unique environmental moderation effects of the number of
life events significantly reduced model fit for age 14 drinking frequency. The importance
of both additive genetics, shared and unique environment change as a function of the
number of life events; figure 12 depicts the direction of these effects. Under conditions
of more life events, both additive genetics, shared and unique environment play a more
important role; conversely, in the conditions of fewer life events, genetics, shared and
unique

environment

are

attenuated.

Dropping

additive

genetic

and

unique

environmental moderating effects of the number of life events did not significantly
reduce the fit of the model for drinking frequency at age 17; only dropping the
moderating effect of life events on the shared environmental influences on age 17
drinking frequency significantly reduced model fit.
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Table 24. Model Fitting Results from Twin Analyses
Freq Drinking 14

∆ Fit
∆ X2 units

Probability

∆ DF

AIC

LogLike

--

--

2928

275.808

6131.808

Main Effect of Life Events

488.96

<0.001

1

486.963

6753.292

Additive Genetic Moderation

12.03

<0.001

1

10.027

6143.834

Shared Environment Moderation

9.01

<0.001

1

7.005

6140.813

Unique Environment Moderation

13.26

<0.001

1

11.257

6145.065

Full Model

Freq Drinking 17

∆ Fit
∆ X2 units

Probability

∆ DF

AIC

LogLike

--

--

2928

3107.976

8963.976

Main Effect of Life Events

249.79

<0.001

1

247.794

9301.954

Additive Genetics Moderation

2.274

0.132

1

0.274

8966.25

Shared Environment Moderation

28.53

<0.001

1

26.525

9002.501

Unique Environment Moderation

1.069

0.0792

1

-1.931

8964.046

Full Model

Figure 11. Depiction of Twin Moderation Models: The moderating effects of life events
on the genetic and environmental influences on drinking frequency at age 14.

Drinking Frequency
Age 14

0.8
0.6
A

0.4

C
0.2
0.0

E

-1SD
-3

Mean
0
Life Events

+1SD

194

3

Genetic Association Analyses
No genome-wide significant associations were observed; the best association
observed for age 14 drinking frequency was rs10101663 (an intergenic SNP
downstream of the adenylate cyclase 8 gene [ADCY3]) on chromosome 8 with a pvalue of 1.2x 10-7, and for age 17 drinking frequency was rs2367979 (an intergenic SNP
downstream of the G protein-coupled receptor 158 gene [GPR158] and upstream of the
myosin IIIA gene [MYO3A]) on chromosome 10 with a p-value of 5.7x10-7. Based on the
small sample size, these results are not unexpected as we know that the sample is
underpowered to detect SNPs of small effect at the genome-wide significance level.
This is part of the rationale for focusing on the polygenic scores, which can give an
overall index of risk even absent the power to detect individual signals18. 1,397 SNPs
showed nominal association at p<0.01 for drinking at age 14 and 1,307 SNPs showed
nominal association with drinking at age 17.5.
Life events significantly predicted concurrent drinking frequency (age 14) and
later drinking frequency (age 17); greater life events were associated with more frequent
drinking at both age 14 and 17. Our results indicated that the interaction between
greater number of life events and greater genetic risk for age 14 drinking frequency
predicts greater frequency of drinking at age 14 but not at age 17. All results are
detailed in table 25 and the direction of effect is depicted in figure 12.
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Table 25.. Genetic Risk Score x Life Events effects on Drinking Frequency

Model

Predictors included in
model

Outcome: Drinking Frequency
Age 14

Age 17.5

ß

p-value

R2∆

ß

p-value

R2∆

I

Sex, Genetic Risk Score

0.54

7.9 x 10-6

0.295

0.87

4.5 x 10-4

0.801

II

Life Events

0.12

2.3 x 10-10

0.016

0.06

3.4 x 10-4

0.004

V

Sex, Genetic Risk Score,
Life Events, Genetic
Risk Score x Life Events

1.99

0.054

0.003

0.09

0.606

0.000

Note: In the main effects models (models II-IV), the R2∆ refers to the proportion of variance
accounted for by the listed variable (GRSS, life events). In the model that test for interaction
effects (model III), the R2∆ refers to the proportion of variance accounted for by the listed
interaction term, after accounting for the main effects listed.

*p<0.05

Figure 12. Depiction of the interaction between the genetic sum score for age 14
drinking frequency and life events as a predictor of age 14 drinking frequency. Note: In
the following figures, high genetic risk refers to +/
+/-1 SD from the mean.
a. Life Events
3
-1 SD
2

Life Events (Mean)
+1 SD

1
Low Genetic Risk High Genetic Risk
(-1 SD)
(+1SD)
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The genetic risk score correlated with age 14 drinking frequency at r=0.54 and
with age 17.5 drinking frequency at r=0.87. The magnitude of these correlations clearly
reflects the fact that these scores consist of a number of false positives that capitalize
on chance properties in the sample. To this end, we examined the association between
this same age 14 drinking frequency derived genetic risk score and an external outcome
we know to be genetically related to the drinking frequency, behavior problems as
measured by the Multidimensional Peer Nomination Inventory (Pulkkinen, Kaprio, &
Rose, 1999). The phenotypic association between age 14 drinking frequency derived
GRSS and age 14 behavior problems is r=0.26. The age 14 drinking frequency derived
GRSS correlated with age 14 behavior problems at r=0.23. This association suggests
that the GRSS harbors some real risk variants and a number of false positives that will
likely diminish the predictive ability of this GRSS in an independent sample. To check
that our findings were not purely driven by chance results, we simulated a null
distribution of GWAS results by random shuffling of the phenotypes. We created
polygene scores using the same parameters as before based on these null simulations;
accordingly, these polygene scores will entirely reflect capitalization on chance. We
tested for interaction between the null polygene scores and each of the moderators.
We repeated this process 100 times. The mean correlation between the null genetic
risk scores and outcome was 0.24 (SD=0.01) at age 14 and 0.26 (SD=0.01) at age
17.5, reflecting the degree to which the genetic risk scores can be attributed purely to
random chance. However, the interaction between the null GRSS and life events with
the simulated null genetic risk scores was not significant, suggesting that the significant
interactions detected in our data are not due purely to statistical artifacts purely
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associated with false positive findings encompassed in the calculation of the genetic risk
scores.
In an effort to further reduce the noise included in the sum scores, we
recalculated the sum scores using only those SNPs yielding p<0.01 at both age 14 and
17. 416 (15.4%) of SNPs were overlapping between the two risk scores. 29.8% of the
SNPs showing p<0.01 at age 14 were also significant at this level at age 17, and 31.8%
of the SNPs showing p<0.01 at age 17 were also significant at this level at age 14.
When we weighted this subset of SNPs using the age 17 weights (chosen based on the
higher heritability at that age) and recalculated the GxE results, all life events showed
highly significant interaction effects (p<0.001).

Discussion
The goal of the present study was to use two complementary methods to
examine the role of early adolescent life events as a moderator of genetic influences on
the frequency of adolescent alcohol use, both concurrently and three years later.
Consistent with past research showing that life events are positively associated with
increased heritability for broadband externalizing disorders (Hicks et al., 2009), the
findings from the present study indicate that stressful life events amplified the additive
genetic effects to predict concurrent drinking frequency. Also in line with a previous
report (Hicks et al., 2009), higher numbers of life events also increased shared and nonshared environmental effects. Note that under conditions of less life events, overall
variance in adolescent drinking is diminished as compared with the overall variance in
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drinking under conditions of more life events. Moreover, under conditions of less life
events, there is little variation in drinking frequency for both individuals with and without
genetic risk. Variation in drinking frequency is maximized in conditions of more life
events. This dual moderation of genetic and environmental effects in predicting frequent
early adolescent alcohol use lend further support to the principle that life circumstances
marked by unpredictability or change may allow for greater expression of genetic
predispositions (Hicks et al., 2009; Shanahan & Hofer, 2005) and/or may render
individuals susceptible to the influence of environments related to adolescent alcohol
use, such as deviant peers, problematic relationships with parents, or other idiosyncratic
experiences such as trauma.

Turning to the question of the legacy of life events, the second twin model
indicated a positive main effect for early adolescent life events to predict age 17 drinking
frequency. However, there was no evidence that life events moderated genetic
influences. This suggests that the moderating effect of early adolescent life events on
genetic influences for alcohol use is time-limited. In contrast, early adolescent life
events moderated later shared environmental effects, such that their influence
increased under greater numbers of life events. Thus, experiencing a greater number of
life events in early adolescence may sensitize individuals to the effects of shared
environmental risks later in adolescence. In the past, research has focused on the role
of prenatal or neonatal life stress in sensitizing individuals to effects of later alcohol use
risk factors (Clarke et al., 2011; Higley et al., 1991; Schneider et al., 2002; van Waes et
al., 2011). The present results highlight the need to examine early adolescent life stress
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as a moderator of later environments to predict alcohol use. This is consistent with
evidence that adolescence is a period of significant biopsychosocial reorganization
(Graber and Brooks-Gunn, 1996; Cicchetti and Rogosch, 2002), and suggests that
stressful experiences during this period may have long-lasting consequences.

In the second part of our study, we built upon the findings from the twin models in
using genetic risk sum scores (Yang et al., 2010; The International Schizophrenia
Consortium, 2009). On a zero-order level, the intercorrelations between genetic risk
sum scores and alcohol frequency reveal several interesting effects. Genetic risk sum
scores at ages 14 and 17 were only modestly inter-correlated, indicating that different
sets of genes are related to frequency of alcohol use for these two ages. Life events
were not significantly associated with genetic risk scores at either age, suggesting that
frequent alcohol use and life events may not have a shared genetic liability in this age
group and reducing concern that the moderation effects would be driven by geneenvironment correlation.

As anticipated, given the twin model results, age 14 stressful life events
moderated genetic risk sum scores to predict age 14 drinking frequency, but not age 17
drinking frequency. Further, the interaction findings were not significant using a
simulated null polygenic risk score. This suggests that although polygenic risk scores
are known to encompass both real and false positive effects, the findings are not
entirely driven by chance effects encompassed in the creation of polygenic scores in
any given sample. An effort to further reduce the noise in the genetic risk score by
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including only those SNPs included in the calculation of the score at both ages 14 and
17 further increased the significance of the interaction terms. Those who experienced a
greater number of life events between ages 13-14 and who were at higher genetic risk
drank most often at age 14. Meanwhile, those at low genetic risk drank least often at
age 14, even in the context of high life events. Furthermore, the pattern observed here
reaffirms the principle that genetic risk can take on a different meaning depending on
one’s environment.

Our results should be interpreted in the context of the several limitations. One
limitation of the study is that we did not verify the predictive power of our polygenic risk
scores in an independent sample. To this end, while the genetic risk score accounted
for a substantial proportion of the variance in drinking frequency (as expected being that
this was the phenotype it was derived from), the proportion of variance in behavior
problems (a phenotype genetically related to adolescent drinking frequency) accounted
for by the genetic risk score dropped to 1%. In our previous analyses using similarly
constructed GWAS risk scores in a sample of similar size, we found that 56% of the
variance in alcohol dependence symptoms was accounted for in the discovery sample,
whereas only 1% was accounted for in the replication sample (Yan et al., in
preparation), consistent with previous analyses of this sort showing the small overall
percentage of variance accounted for even by sum scores. Another limitation is that we
used a threshold of all snps with p<0.01 in the creation of the polygenic risk scores,
which is somewhat arbitrary. There are of course several ways to create aggregate risk
scores (Evans et al, 2009). Previous studies have shown that risk prediction increases
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up to a certain point, but then decreases as more false positives are included,
overshadowing the real effects that are encompassed

24

. Posthoc analyses of our data

suggested that the interaction effects became less significant as the p-value threshold
for inclusion of SNPs in the polygenic score became less stringent.
In addition to these limitations, life events were measured only at age 14, and so
we are unable to determine the relative influence of early versus later adolescent life
events. Although our sample is population based, it is racially homogenous and
generalizability to other populations may be limited. Lastly, our measure of life events
taps primarily normative stressors. Extreme stressors (e.g., developmental trauma or
natural disasters) may moderate genetic risk in a different way, or may swamp genetic
risk entirely.

In conclusion, this study brings together latent and measured genetic approaches
to better understand how genetic predispositions interact with stressful life events to
predict alcohol use frequency across adolescence. We provide new evidence that
higher levels of stressful life events increases genetic risk for frequent alcohol use in
early adolescence, that some of the genes associated with frequent alcohol use differ
between early and later adolescence, and that higher life events amplify the association
between high genetic risk and early adolescent alcohol frequency. These findings
highlight the benefits of using multiple methods to elucidate the presence and
mechanisms of gene-environment interactions in order to better understand the etiology
of adolescent alcohol use.
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Chapter 6
The Interaction between Adolescent Parental Knowledge and Genetic Risk for Alcohol
Dependence Predicts Adult Alcohol Dependence

Abstract
Background: Previous studies demonstrate that parental knowledge moderates latent
genetic influences on adolescent externalizing behavior and alcohol use (Dick et al.,
2007, Latendresse et al., 2010) as well as specific genetic predispositions, such as
CHRM2, to predict adolescent externalizing behavior (Dick et al., 2009). Little is known
however, about the longitudinal effects of the parental knowledge in moderating genetic
risk for alcohol problems from adolescence into adulthood.

Methods: This study examines whether parental knowledge in adolescence continues
to moderate genetic influences on alcohol use in young adulthood. We approached this
question using data from a longitudinal, population based twin sample, Finntwin12
(Kaprio et al., 1999). We first conducted twin analyses to examine whether parental
knowledge (measured at age 14) moderated genetic and environmental influences on
alcohol dependence symptoms at age 22. We then created genetic risk sum scores
(Yang et al., 2009) using GWAS data available on the twins (scores were comprised of
all SNPs associated at p<0.01 with DSM-IV Alcohol Dependence symptoms). Next, we
examined the interaction between this aggregate measure of risk genes and parental
knowledge, and its effect on age 22 alcohol dependence symptoms.
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Results: The twin analyses indicated that parental knowledge significantly moderates
the genetic influences on alcohol dependence symptoms at age 22 (χ2=10.31,
p<0.0001). The genotypic analyses indicated that the interaction between genetic risk
sum scores and parental knowledge significantly predicted alcohol dependence
symptoms at age 22 (β=0.308, p<0.001).

Conclusion: Converging evidence from two analytic methods suggests that parental
knowledge in adolescence has an enduring moderating influence on genetic
predispositions to alcohol use disorders in young adulthood. Parental knowledge may
be an important proxy for some stable aspect of the individual’s environment from
adolescence into early adulthood, or may scaffold the adolescent's burgeoning
behavioral regulation skills. There is a need for future research to elucidate the depth
and limitations of the lasting effects of this aspect of adolescent parenting throughout
development.
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Introduction
Low levels of parental knowledge, or the degree to which a parent is aware of
his/her child’s whereabouts and actions, are associated with externalizing problems in
adolescence, including more frequent adolescent drug and alcohol use (Marshal et al.,
2000; Johnstone et al., 1994; Windle et al., 2000; Leventhal et al., 2000; Barnes et al.,
1992; Steinberg et al.1994; Chilcoat et al, 1996). In addition, twin studies indicate that
parental knowledge moderates latent genetic influences on adolescent externalizing
behavior (Dick et al. 2007) and frequency of alcohol use (Meyers et al., 2012 under
review) throughout adolescence. Moreover, several studies that implement measured
genotypic data also find that the interaction between specific genetic variants (e.g.,
CHRM2, GABRA2) and parental knowledge predict adolescent externalizing behavior
(Dick et al., 2011) and risk trajectories (Dick et al., 2009). In a recent study, Kendler and
colleagues reported a significant interaction between parental monitoring and genetic
risk for externalizing behavior and alcohol use disorders as a predictor of alcohol use
frequency from ages 12-14 (Kendler et al., 2011). These analyses all suggest that when
adolescents report that their parents know little about their whereabouts, associations,
and behavior (i.e., less parental knowledge), it creates an environment that allows for
greater opportunity to express genetic predispositions for risky alcohol use behavior.
These results are in line with previous findings from the Finnish Twin Studies, which
indicate that in less stable neighborhoods, where there was presumably less community
monitoring, genetic influences on alcohol use frequency become more important (Rose
et al., 2001; Dick et al., 2001; Dick et al., 2009).
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These cross-sectional and short-term longitudinal effects, whereby parental
monitoring moderates genetic influences on adolescent externalizing-spectrum behavior
(including alcohol use), beg the question of whether these effects are implicated in the
development of young adult alcohol problems. Is parental knowledge tapping into an
adolescent-limited phenomenon whereby low levels of parental knowledge in
adolescence contribute to greater genetic risk for concurrent alcohol use, and these
effects diminish once the adolescent is out of this environment (ie. moves out of the
home)? Or, does adolescent parental knowledge continue to impact the individual’s
behavior into young adulthood? From the perspective that high levels of parental
knowledge provide youth an appropriate balance of opportunities to explore their own
autonomy while also maintaining one's connection to parents (Pettit et al., 2001), one
would expect to observe such enduring effects.
The present study examines whether adolescent parental knowledge continues
to moderate genetic influences on alcohol use once the adolescent enters young
adulthood. We approached this question using two different methods in a population
based twin sample, Finntwin12. We first conducted twin analyses that examined the
moderating effects of parental knowledge (measured in adolescence) on the latent
genetic and environmental contributions to alcohol dependence in young adulthood. We
then attempted to address the same research question using measured genotypic data
available on the sample. We created genetic risk sum scores (GRSS) using genome
wide association study (GWAS) data with the ultimate goal of distinguishing whether the
interaction between parental knowledge (measured in adolescence) and genetic risk for
alcohol dependence is adolescent limited or has persisting effects on adult alcohol
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dependence. Instead of testing individual loci sequentially, genetic risk sum scores
(GRSS) can be constructed and tested to summarize the total number of risk alleles
(Yang et al., 2009; Aulchenko et al. 2009). Using these two complementary methods,
we examine whether adolescent parental knowledge moderates aggregate genetic risk
on young adult alcohol dependence symptoms.

Methods

Sample
Finntwin12 has been described previously (chapters 3, 4 and 5). For the present study,
parental knowledge was measured at age 14 and DSM-IV Alcohol Dependence criteria
were measured at age 22, when genotypic data was collected on a subset of
individuals.
Assessment
Parental Knowledge (Knowledge) was assessed with four questions included in the
twins’ questionnaire administered at age 14. The questions, created by Chassin and
colleagues (Chassin et al. 1993), asked the adolescents to report on the degree to
which their parents (1) know about their daily plans (2) know of their interests, activities,
and whereabouts (3) know how they spend their money, and (4) know where and with
whom they are outside of the home. Responses were made on a 4-point scale ranging
from 1 (rarely or never) to 4 (almost always), so that greater scores indicate more
parental knowledge. A sum score based on the tallying of these items was created on
4,542 adolescents. We note that we have previously referred to this measure as
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“parental monitoring” in Finnish Twin Study publications, however, this variable likely
reflects both solicited information and spontaneous information provided by the child
and therefore we will refer to this measure as parental knowledge (Kerr & Stattin 2000).
Scores for parental knowledge ranged from 1 to 16 (M=6.5, SD=2.14).

DSM-IV Alcohol Dependence Symptoms (ADSX) were derived from the SemiStructured Assessment for the Genetics of Alcoholism (SSAGA; Bucholz et al., 1994)
interviews administered at age 22. The SSAGA indexed lifetime prevalence of the
seven DSM-IV criteria for Alcohol Dependence (American Psychiatric Association,
1994), including (1) tolerance, (2) withdrawal, (3) drinking in amounts or timeframes
larger than intended (4) unsuccessful efforts to cut down on use (5) spending a large
amount of time obtaining, using, or recovering from alcohol, (6) important activities
reduced because of use, (7) use despite physiological or psychological consequences.
Scores for ADSX ranged from 0 to 7 (M=1.75, SD=1.45).

Twin Modeling
Comparisons of the similarity of MZ and DZ twin pairs yield information about the
degree of influence that can be attributed to genetic and environmental factors for a
particular outcome (Plomin et al. 2001). The basic genetically informative twin model
partitions variance in a behavior into additive genetic influences (A), dominant genetic
influences (D), common environmental influences or (C), and unique environmental
influences (E). Genetic influences correlate 1.0 between monozygotic (MZ) twins, who
share all of their genes identical-by-descent, and 0.5 between dizygotic (DZ) twins, who
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share, on average, 50% of their segregating genes, as do ordinary siblings. Common
environmental effects, as defined in biometrical twin modeling, refer to all environmental
influences that make siblings more similar to one another. By definition, these
influences correlate 1.0 between both MZ and DZ twins. Unique environmental
influences are uncorrelated between co-twins and have the effect of decreasing the
covariance between siblings. As dominant genetic influences (D) and common
environmental influences (C) cannot be simultaneously modeled in twin-only data, we
modeled common environmental influences (C) because the DZ twin correlation
exceeded ½ of the MZ twin correlation for each of the present study’s outcome.
Moderation models were fit to test whether the variance components for alcohol
dependence symptom count differed as a function of common and unique
environmental factors. Chapter 4, Figure 9 shows a classic twin model (for only 1 twin in
the pair) that has been modified to include a moderation component (Purcell 2002). The
standard paths a, c, and e, indicating the magnitude of effect of additive genetic
influences, common environmental influences, and unique environmental influences,
now each include a β term, which indicates the significance of a potential moderator
variable M on each of these genetic and environmental influences. The value of M
changes from subject to subject, taking on the value of the measured variable for that
subject (i.e., parental knowledge in our models). In the moderation model, the additive
genetic value is a linear function of the moderator M, represented by the equation a + β
XM, where βX is an unknown parameter to be estimated from the data, representing the
magnitude of the moderating effect. If βX is significantly different from zero, there is
evidence for a moderating effect. A similar logic follows for the βY and βZ pathways,
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which represent the extent to which a specific moderator variable alters the importance
of common and unique environmental influences, respectively. In other words, the
moderation model allows us to test whether the importance of additive genetic effects
(a), common environmental effects (c), and unique environmental effects (e) change as
a function of the measured variable. The pathway l + βMM models main effects of the
moderator variable on the outcome. Also included in this pathway are any gene–
environment correlation effects between the moderator variable and outcome. There is
some evidence of genetic influence on parental knowledge (Kendler et al, 2007;
Latendresse et al., 2010). However, previous analyses in this sample have suggested
that even with genetic factors accounting for 27% of variance in knowledge, the
correlation with alcohol use was largely environmentally mediated (Latendresse et al.,
2010). Further, any covariance between the moderator and the outcome (and
accordingly, any gene-environment correlation) is incorporated into the means model.
All modeling was conducted using the raw data option in Mx (Neale 2000). Mx is a
structural equation-modeling program developed specifically for the use of twin and
family data. The significance of each of the parameters in the model can be tested by
dropping a parameter and evaluating the change in 2 log likelihood between the initial
model and the nested submodel. This difference is evaluated using a chi-square
distribution. A significant change in fit between the models (p < 0.05) for the difference
in degrees of freedom indicates that dropping the parameter caused a significant
decrease in fit of the model, indicating that pathway significantly contributes to the
outcome trait and should be retained in the model.
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Model-fitting proceeded in a series of steps. We first tested the significance of the main
effect of the moderator (parental knowledge). We then tested the significance of
moderation effects by dropping all moderation (3 df test, βX, βY, and βZ dropped).
When this test was significant, we conducted further testing to determine what specific
variance components showed significant moderation by sequentially dropping and
testing the significance of each of the moderating effects one by one.
Preliminary power analyses suggested that there was low power to discriminate sex
effects because of the large sample sizes necessary for adequate power to detect
moderating effects with ordinal outcomes. Accordingly, female and male twins were
collapsed by zygosity in modeling, though means and variances for ADSX were allowed
to differ between the sexes when indicated by the data.
Genetic Association Analyses
To create genetic risk sum scores for each individual, we first ran a genome wide
association analysis using the number of alcohol dependence symptoms endorsed at
age 22 as the outcome. We then summed the top single nucleotide polymorphism
(SNP) results to create a weighted genetic risk score for each individual. For the initial
GWAS analysis, a linear regression adjusted for age and sex was performed for ADSX,
as a quantitative trait using PLINK v1.07 (Purcell et al. 2007). Additionally, the family
structure of the data was accounted for using a permutation procedure (qfam)
performed in PLINK that randomly shuffles the degree of relatedness across all
individuals. Because the qfam procedure can specify only one type of familial
relationship, both individuals from each DZ pair and one individual from each MZ twin
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pair was included in the analyses, reducing the sample size from 1,069 to 866
individuals. GWAS results from the FT12 analyses of ADSX are described elsewhere
(chapter 3). Briefly, no individual single nucleotide polymorphism (SNP) met genome
wide criteria for significance in those analyses; however, many SNPs fell just below the
threshold. The asymptotic p value for the linear regression was calculated and the effect
size (beta) was estimated. We then summed the top SNP level results to create a
weighted genetic risk score for each individual. All SNPs with nominal p- values less
than 0.001 were included in the genetic risk sum score. Once genetic risk scores were
computed for each individual, we used linear regression to test whether (1) parental
knowledge predicted age 22 ADSX, (2) parental knowledge interacted with genetic risk
sum scores to predict age 22 ADSX. Sex was used as a covariate in all analyses.

Results
Twin Analyses
Twin analyses indicated that parental knowledge had a significant main effect on ADSX
(χ2=76.92, p<0.001); less parental knowledge was associated with higher ADSX. In
addition, parental knowledge significantly moderated the additive genetic, shared, and
unique environmental influences on ADSX. As shown in Figure 13, genetic factors had
a greater influence on ADSX in early adulthood for individuals who reported low levels
of parental knowledge in adolescence. Conversely, shared and unique environmental
factors had less of an influence on ADSX in early adulthood for those who reported low
levels of parental knowledge in adolescence.
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Table 26. Model Fit Statistics from Twin Moderation Models
Alcohol Dependence Symptoms
2

Full Model
Main Effect of Parental Knowledge
Additive Genetic Moderation
Shared Environment Moderation
Unique Environment Moderation
*Akaike’s Information Criterion

∆ Χ units
-76.924
10.315
22.796
50.674

Probability
-<0.0001
<0.0001
<0.0001
<0.0001

Model Fit
∆ DF
4828
1
1
1
1

AIC*
20893.92
21228.70
20911.23
20914.71
20942.59

LogLike**
30549.92
30892.70
30569.23
30572.71
30600.59

**-2 times log-likelihood of the data

Figure 13. Latent genetic and environmental influences (raw variance estimates) on
alcohol dependence symptom count change as a function of parental knowledge
Note: The parental knowledge scale is coded so that low scores (-1 standard deviation)
indicate less parental knowledge and high scores (+1 standard deviation) indicate more
parental knowledge.

Raw Variance in
Alcohol Dependence
Symptoms

1
0.8
0.6

C

#REF!
0.4

#REF!
A

0.2
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MeanMean
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+1SD

-1 SD

Genetic Risk Sum Scores Analysis

The genetic risk sum scores ranged from -0.065
0.065 to 1.27 (M=0.363, SD=0.174) and
consisted of 177 SNPs from 85 genes (most significant association results detailed in
chapter 3). Genetic risk sum scores were not associated with parental knowledge
(r=0.051, p=0.138),, suggesting there was no appreciable gene
gene-environment
environment correlation
within this sample. The gen
genotypic
otypic analyses indicated that parental knowledge
moderated GRSS to predict age 22 ADSX ((β=0.308,
=0.308, p<0.001). As shown in Figure
F
14,
the association between ADSX and adolescent parental knowledge was stronger for
those at higher genetic risk for alcohol depe
dependence
ndence compared to those who were at
lower genetic risk.
Figure 14. Depiction of the interaction between the genetic risk sum scores
score and parental
knowledge as a predictor of age 22 alcohol dependence symptom
symptoms
Note: The parental knowledge scale is coded so that low scores (-1
1 standard deviation)
indicate less parental knowledge and high scores (+1 standard deviation) indicate more
parental knowledge.

Alcohol Dependence
Symptoms

3

Low Genetic Risk
(-1 SD)

2

High Genetic Risk
(+1 SD)

1

0

-1 SD

Knowledge (Mean)

+1 SD
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The genetic risk score correlated with ADSX at r=0.69. This estimate is largely
inflated as we know the GRSS to consist of some real signal and some false-positives
produced by the discovery sample bias; the predictive power of this GRSS would
dramatically decrease in an independent (replication) sample (Yang et al., 2011).
Seeking validation that this GRSS consisted of some real signal, we examined the
relationship between this ADSX GRSS and three external phenotypes that we know
share genetic risk with ADSX: smoking frequency, conduct disorder and adult antisocial
behavior. The ADSX GRSS correlated with smoking frequency r=0.20 (phenotypic
r=0.34), and accounted for 3.7% of the variance in the phenotype. The ADSX GRSS
correlated with DSM-IV conduct disorder r=0.264 (phenotypic r=0.269), and accounted
for 6.9% of the variance in the phenotype. The ADSX GRSS correlated with DSM-IV
adult antisocial behavior r=0.334 (phenotypic r=0.379), and accounted for 11.1% of the
variance in the phenotype. These associations suggests that the ADSX GRSS harbors
some real risk variants and a number of false positives that will likely diminish the
predictive ability of this GRSS in an independent sample. To check that our findings
were not purely driven by chance results, we simulated a null distribution of GWAS
results by random shuffling of the phenotypes. We created polygene scores using the
same parameters as before based on these null simulations; accordingly, these
polygene scores will entirely reflect capitalization on chance. We tested for interaction
between the null polygene scores and each of the moderators.

We repeated this

process 100 times. The mean correlation between the null genetic risk scores and
outcome was .34 (SD=0.01), reflecting the degree to which the genetic risk scores can
be attributed purely to random chance.

However, the interaction between the null
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GRSS and parental knowledge with the simulated null genetic risk scores was not
significant, suggesting that the significant interactions detected in our data are not due
purely to statistical artifacts purely associated with false positive findings encompassed
in the calculation of the genetic risk score.
Conclusions
A substantial literature has examined the effects of parenting on adolescent
alcohol use (Luyckx et al., 2011). Recently, a growing number of studies have examined
the interaction between specific aspects of adolescent parenting (and other features of
adolescents’ social environments) and genetic predispositions to adolescent alcohol use
and problems (Enoch, 2012). These gene-environment interaction effects have primarily
been explored in the context of cross-sectional and short-term longitudinal studies in
adolescence, a period of time when individuals are particularly susceptible to input from
their surroundings (Swendsen et al., 2012). In the present study, we extend this
literature to examine the enduring effects of one key environmental moderator,
adolescent parental knowledge, on adult alcohol dependence symptoms.

In the present study, we provide converging evidence from two analytic methods
that the interactive effects observed between parental knowledge in adolescence and
genetic predispositions predict alcohol use disorder symptoms in young adulthood. The
twin models provide a bird’s eye view of this gene-environment interaction and indicate
that under conditions of less parental knowledge in adolescence (age 14), latent genetic
influences on alcohol dependence symptoms at age 22 are more important than for
those who reported greater parental knowledge in adolescence.
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The genetic risk sum score data provides further detail in fleshing out this latent
model, while still measuring aggregate genetic risk. For individuals who reported less
parental knowledge in adolescence, the association between genetic risk factors for
alcohol dependence symptoms and alcohol dependence symptoms at age 22 was
stronger. In contrast, the association between genetic risk and alcohol dependence
symptoms was weaker for those who reported more parental knowledge in
adolescence. This parallels the direction of effect reported in previous Finntwin12
publications that examined these moderation effects in adolescence (Dick et al., 2007,
Meyers et al., 2012).

Such findings conceptually map onto Shanahan and Hofer’s

(2005) mechanism of social opportunity versus social control. That is, we have
previously hypothesized that lower rates of parental knowledge provide an opportunity
for an adolescent to express his/her genetic predisposition for alcohol dependence
symptoms, whereas higher parental knowledge may suppress the expression of these
same genetic predispositions. The present study extends past work showing that
parental knowledge in late middle childhood and early adolescence protects against
adolescent alcohol (Dick et al., 2009; Meyers et al., 2012) and substance use (Bohnert
et al. 2012) by demonstrating that these effects are carried forward into early adulthood
as well.
So the question becomes why parental knowledge measured in adolescence
remains relevant in early adulthood. What mediates the relationship between
adolescent parental knowledge and symptoms of adult alcohol dependence? Previous
studies indicate that adolescent perceptions of various aspects of parenting are
positively correlated with measures of warmth and responsiveness and negatively
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associated with conflict, autocratic parenting, discipline and relational tension (Knofo
and Schwartz, 2003; Latendresse et al., 2010). Thus, it may be the case that parental
knowledge is a proxy for related dimensions of parenting that are a stable aspect of the
individual’s environment from adolescence into early adulthood. Alternatively, parental
knowledge during this critical developmental period, where adolescents and their
parents negotiate autonomy and connectedness (Erikson, 1963; Pettit et al., 2001), may
scaffold the adolescent's burgeoning ability to regulate his/her own behavior.
Historically, the parenting literature has emphasized the legacy of early child-caregiver
experiences for later behavioral regulation (Sroufe et al., 2005), including alcohol use
(Englund et al., 2008). The results from the present analyses suggest that specific
aspects of later parenting (e.g., parental knowledge in adolescence) may have
comparable long-lasting effects.
Our findings should be interpreted in the context of several limitations. First,
parental knowledge was only measured once in this sample, and so we are unable to
determine the relative influence of early versus later adolescent influences. Second, we
did not verify the predictive power of our polygenic risk scores in an independent
sample. In previous analyses using similarly constructed GWAS risk scores in a sample
of similar size, we found that 56% of the variance in alcohol dependence symptoms was
accounted for in the discovery sample, whereas only 1% was accounted for in the
replication sample, consistent with previous analyses of this sort showing the small
overall percentage of variance accounted for even by sum scores. Another limitation is
that we used a threshold of all snps with p<0.01 in the creation of the polygenic risk
scores, which is somewhat arbitrary.

There are of course several ways to create
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aggregate risk scores (Evans et al, 2009). Previous studies have shown that risk
prediction increases up to a certain point, but then decreases as more false positives
are included, overshadowing the real effects that are encompassed
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.

Posthoc

analyses of our data suggested that the interaction effects became less significant as
the p-value threshold for inclusion of SNPs in the polygenic score became less
stringent.
In summary, adolescent parental knowledge moderates both latent and
measured aggregate genetic predispositions for young adult alcohol dependence
symptoms. Our findings suggest that interventions aimed at boosting parental
knowledge in adolescence may be one approach to prevent problematic alcohol use in
young adulthood. However, future research aimed at elucidating the depth and
limitations of the lasting effects of adolescent parenting throughout development is
needed.
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Chapter 7

Genetic Influences on Alcohol Consumption Have Diverging Developmental Trajectories

Abstract
Background: Both alcohol-specific genetic factors (Kendler et al. 2003 ; Hicks et al.
2004 ; Macgregor et al. 2009) and non-specific genetic factors related to externalizing
behavior influence high alcohol consumption and the risk for developing alcohol use
disorders across adolescence into adulthood (Kendler et al. 2003 ; Hicks et al. 2004,
2007). Although there is a substantial literature on genetic influences on externalizing
disorders in adolescence (Stallings et al., 2005; Dick et al., 2009; Stephens et al., 2011)
and alcohol use disorders in adulthood (Treutlein et al., 2011), little is known about the
etiologic role of these two classes of genetic risk on alcohol-related behaviors across
development. Recently, Kendler et al. (2010) found that non-specific (general
externalizing) genetic factors are important for predicting alcohol use in early and midadolescence, but that their influence wanes over time as alcohol-specific genetic factors
increase in importance during the transition to adulthood.

Methods: In the present study, we build and expand upon these findings using
prospective, longitudinal twin data from the population-based FinnTwin12 study. Our
primary goal was to attempt to replicate Kendler et al.’s (2010) findings, examining the
impact of alcohol-specific and non-specific (general externalizing) genetic factors on
alcohol-related behaviors from early adolescence through early adulthood (ages 12-22).
Each twin's genetic risk for alcohol use disorders was indexed by their parents’ and co231

twin’s alcohol dependence symptom counts. The non-specific genetic risk score for
externalizing disorders was a composite measure of parents’ and co-twin’s self-reported
symptom count of Conduct Disorder (CD) and Antisocial Personality Disorder (ASPD),
each derived from DSM-IV criteria obtained by the SSAGA.

Results: The regression coefficient for non-specific genetic risk begins quite low at age
12 (β = -0.05), rising to a peak at age 14 (β = 0.23), decreasing at age 17 (β = 0.13),
and then falling at age 22 (β = 0.09). The pattern is somewhat different for alcoholspecific genetic risk, which also starts at a relatively low value at age 12 (β = -0.06) and
then rises slowly from age 12-17 and reaches a peak value at age 22 (β = 0.22).

Conclusions: In accord with previous findings (Kendler et al., 2010), we found
divergent developmental trajectories for specific and non-specific genetic factors on
alcohol use. Overall, we found more robust prediction of alcohol outcomes with genetic
risk for externalizing behaviors earlier in adolescence (12-14) and a more robust
prediction of alcohol outcomes with alcohol-specific genetic risk later in adolescence
into young adulthood (17-22). These results suggest that, in early adolescence, genetic
influences on alcohol use and problems are largely non-specific and may reflect a more
general picture of largely adolescent-limited externalizing behaviors (Moffitt, 1993;
Moffitt et al. 2002). However, the alcohol-specific genetic risk factors become more
important than non-specific genetic influences in early adulthood (Rose et al., 2003).
This shift in genetic influences maps onto the typical developmental timing for the onset
of serious alcohol problems (Schuckit et al. 1995).
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Introduction

Adolescence is typically the period of the lifespan where alcohol use is initiated and
regular patterns of use are established (Swendsen et al., 2012). This period is also
characterized by rapid transitions in the degree to which alcohol consumption is
attributed to genetic or environmental factors, with environmental factors predominating
in early adolescence, and genetic factors increasing in importance over time (Kendler et
al., 2008; Viken et al.,1998, Dick et al., 2007). Both alcohol-specific genetic factors
(Kendler et al. 2003 ; Hicks et al. 2004 ; Macgregor et al. 2009) and non-specific genetic
factors related to externalizing behavior influence high alcohol consumption and the risk
for developing alcohol use disorders across adolescence into adulthood (Kendler et al.
2003 ; Hicks et al. 2004, 2007). Although there is a substantial literature on the genetic
influences on externalizing disorders in adolescence (Stallings et al., 2005; Dick et al.,
2009; Stephens et al., 2011) and alcohol use disorders in adulthood (Treutlein et al.,
2011), little is known about the etiologic role of these two classes of genetic risk on
alcohol-related behaviors across development.
Kendler and colleagues recently began to address this issue in a male cohort of the
Virginia Adult Twin Study of Psychiatric and Substance Use Disorders (Kendler et al.,
2010; Kendler & Prescott, 2006). Using retrospective reports of alcohol use across the
lifespan, their results indicated that the importance of non-specific genetic factors
related to externalizing behavior on maximal alcohol consumption is greatest in early to
mid-adolescence, peaking at ages 15–17 years and then declining slowly into
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adulthood. In contrast, the influence of alcohol-specific genetic factors increases slowly
through mid-adulthood.
In the present study, we build and expand upon these findings using prospective,
longitudinal twin data from the population-based FinnTwin12 study. Our primary goal
was to extend the findings of Kendler et al. (2010), by examining the impact of alcoholspecific and non-specific (general externalizing) genetic factors on alcohol-related
behaviors from early adolescence through early adulthood. This study expands on
previous work in several ways. First, data for both males and females are available,
while the Kendler study (2010) used exclusively males. Second, data on drinking from
the VATSPSUD sample were retrospective; in contrast, prospective reports from
various stages of development are used in the present study. Finally, although overall
rates of drinking frequency and problems are similar in Finland and the United States,
drinking culture, and age of legal drinking differ (Helasoja et al. 2004; Bloomfield et al.,
2010).
Methods
Sample
FinnTwin12 has been described in previous chapters (3, 4, 5 and 6). Nested in this
study lays an intensive assessment of a subsample of 1035 families, comprising about
40% of all twins, mostly selected at random (72.3%, 748 families). A small part of the
subsample (27.3%, 287 families) is enriched with families with twins assumed to be at
elevated familial risk for alcoholism risk. Details about the sub-sample have been
described earlier (Rose et al., 2001). In this subsample, both twins and parents were
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interviewed using the SSAGA (Semi-Structured Assessment for the Genetics of
Alcoholism (Buzholz et al., 1994). The interviews were highly age-standardized; the
mean age at interviews was 14.19 years, with 75% of interviews completed by 14 years
and 3 months of age and all interviews completed before the age of 15. The final
sample consisted of 1,854 interviewed boys (N = 945, 51%) and girls (N = 909, 49%).
Due to the longitudinal study design, some variables were available on fewer individuals
(exact frequencies for each measure described below). Zygosity was determined using
a well-validated questionnaire completed by both co-twins at the baseline (Kaprio,
Pulkkinen, & Rose 2002). This was supplemented by parental information and
comparisons of school photographs for the 3% of twins whose zygosity could not be
determined definitively from information in the questionnaires (Kaprio et al., 2002;
Kaprio et al., 2006b).
Assessment
Calculation of Genetic Risk Scores

Each twin had his/her genetic risk for alcohol use disorders indexed by their parents’
and co-twin’s alcohol dependence symptom counts. Alcohol dependence symptom
counts were derived from the Semi-Structured Assessment for the Genetics of
Alcoholism (SSAGA; Bucholz et al., 1994) interviews based on the criteria outlined in
the Diagnostic and Statistical Manual for Psychiatric Disorders (DSM-IV; American
Psychiatric Association, 1994). For each of the twins, the SSAGA assessments were
administered when the twins were age 22. For the parents, all SSAGA data were
collected when the twins were age 14. The DSM-IV criteria for alcohol dependence
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consist of seven criteria that include both physiological and psychological symptoms
associated with problematic alcohol use. The contribution of each measure (parents'
symptom sum score, and co-twin’s symptom sum score) to the total alcohol use
disorder risk was based on a modified ridit score (Kendler et al, 2010). When data on
both parents were available, symptom counts from the most severely affected parent
was used in risk score calculation. The correlation between parents’ SSAGA symptom
counts was 0.32, p<0.0001. Scores from monozygotic (MZ) co-twins were weighted
twice as strongly as scores from dizygotic (DZ) co-twins or parents. Alcohol-specific
genetic risk scores (AD-GR) were computed on 1,854 twins.

The non-specific genetic risk score for externalizing disorders was a composite
measure of the parents’ and co-twin’s self-reported symptom count of Conduct Disorder
(CD) and Antisocial Personality Disorder (ASPD), each derived from DSM-IV criteria
obtained by the SSAGA. According to the DSM-IV classification system (American
Psychological Association, 1994), CD is a repetitive and persistent pattern of behavior
in which the basic rights of others or major age-appropriate societal norms or rules are
violated. ASPD is an Axis II personality disorder characterized by a pervasive pattern of
disregard for, and violation of, the rights of others that begins in childhood or early
adolescence and continues into adulthood. Note that an adolescent CD diagnosis is an
adult ASPD criteria. Throughout this manuscript, we will describe the adolescent criteria
as CD and the adult criteria as antisocial behavior (ASB). Non-specific genetic risk
scores related to externalizing disorders (EXT-GR) were computed on 2,029 twins.
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Drinking Frequency Measures
Current alcohol consumption was assessed at each of the four time points. At age 12,
subjects were asked if they had ever used alcohol when they were not in the presence
of an adult (n=2,826 twins). Adolescent alcohol use was assessed at age 14 and 17 by
asking the participants to report how frequently they drink alcohol. On the age 14
questionnaire, the item included four response options: (1) Never, I don’t drink alcohol;
(2) Less often than once a month; (3) About 1 to 2 times a month; and (4) Once a week
or more. At age 14, a total of 2,828 twins responded to the item. On the age 17
questionnaire, the item included nine response options: (1) Daily; (2) A couple of times
a week; (3) Once a week; (4) A couple of times a month; (5) About once a month; (6)
About once every two months; (7) 2-4 times per year; (8); Once a year or less; (9) I
don’t drink any alcohol. The latter response options were collapsed into four categories
to parallel the age 14 data; (1) Never, (2) Yearly, (3) Monthly, and (4) Weekly. At age
17, a total of 2,366 twins responded to the item. At age 22, subjects (n = 2,158) were
asked how many weeks in the last 6 months did you drink alcohol?.

Statistical Analysis

The original distribution of the alcohol use data was highly skewed, and preliminary
analyses indicated that a log transformation was optimal at stabilizing the variance. The
residual correlation within twin pairs was substantial and stronger in MZ twin pairs;
accordingly, regression models were run as hierarchical linear models using PROC

237

MIXED and PROC GENMOD in SAS (SAS Institute, 2008), with twin pairs and
individuals within twin pairs being treated as separate levels.

Results
Descriptive Statistics
At age 12, 93.2% of the sample responded that they had not ever used alcohol
outside the presence of an adult. At age 14, 64.9% of the sample reported that they had
never used alcohol, 20.4% reported drinking less often than once a month, 12.1%
reported using alcohol about 1 or 2 times per month, and 2.6% reported using alcohol
once per week or more. At age 17, 11.9% of the sample reported that they had never
used alcohol, 22.3% reported drinking less often than once a month, 41.5% reported
using alcohol about 1 or 2 times per month, and 24.3% reported using alcohol once per
week or more. At age 22, the subjects reported drinking alcohol an average of 13.83
(SD=8.2) weeks in the last 6 months (range 0-26 weeks).
AD-GR scores were based on parent and co-twin DSM-IV AD symptoms.
Consistent with expectations for a population-based sample, the parents of the twins
largely fell within sub-threshold ranges of alcohol dependence (AD) symptom counts
(range=0-7, M=1.03, SD=1.68), with 6.2% of the parents meeting criteria for an AD
diagnosis (3 or more AD criteria endorsed). The twins’ AD symptom scores ranged from
0-7 (M=1.09, SD=1.37), with 13.4% of the sample meeting criteria for DSM-IV AD. ADGR scores ranged from 0-8 (M=1.16, SD=1.41). EXT-GR scores were based on parent
and co-twin DSM-IV CD and ASB. The majority of the parents were within sub-threshold
ranges of CD symptoms (range=0-7, M=0.65, SD=0.99), with 1.7% of the parents
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meeting criteria for a CD diagnosis. Twins’ CD symptom sum scores ranged from 0-8
(M=1.08, SD= 1.26), with 12.3% meeting CD diagnosis criteria. Most of the parents of
twins were within normative sub-threshold ranges of ASB (Range=0-6, M=1.12,
SD=1.18), with <1% of the parents meeting criteria for the adult portion of the ASPD
diagnosis. Twins’ ASB sum scores ranged from 0-6 (M= 0.63, SD= 0.96), with 2.6%
meeting the adult ASPD diagnosis criteria. EXT-GR scores ranged from 0-7 (M=0.87,
SD=1.27).
Zero-order correlations among focal variables are shown in Table 27. Age 12
drinking initiation significantly predicted drinking frequency at ages 14 and 17, but not at
age 22. The relation was strongest between age 12 drinking initiation and age 14
frequency of drinking. Age 14, 17, and 22 drinking frequency were all significantly
associated, with the stronger relationships existing between age 14 and 17 drinking
frequency and between age 17 and age 22 drinking frequency. AD-GR and EXT-GR
were correlated at 0.38.

Table 27. Correlations Between Twins’ Alcohol Consumption and Problem Outcomes
Across Development
Pearson Correlations
Alcohol Consumption

Age 12

Age 12

1.000

Measure of Alcohol Consumption
Age 14
Age 17
Age 22
-0.213**

**

-0.142**

-0.004

Age 14

-0.213

1.000

0.316

0.142**

Age 17

-0.142**

0.316**

1.000

0.300**

Age 22

-0.004

0.142**

0.300**

1.000

**Correlation is significant at p<0.01.
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Diverging developmental trajectories of alcohol-specific and non-specific genetic risk
factors
The relationship between AD-GR, EXT-GR, and the alcohol outcomes over
development are depicted in Figure 15a and detailed in Table 28. The regression
coefficient for EXT-GR begins quite low at age 12 (β = -0.05), rising to a peak at age 14
(β = 0.23), decreasing at age 17 (β = 0.13), and then falling at age 22 (β = 0.09). In
contrast, AD-GR starts at a relatively low value at age 12 (β = -0.06) and then rises
slowly from age 12-17 and reaches a peak value at age 22 (β = 0.22).

Table 28. Genetic Risk Scores Predicting the Twins’ Alcohol Consumption Across
Development
AD-GR

Alcohol Consumption
Age 12
Age 14
Age 17
Age 22

β
.064
.141
.196
.179

Twin 1
p-value
0.052
0.00004*
0.0000003*
0.000003*

EXT-GR

β
.052
.232
.132
.085

Twin 1
p-value
0.112
<0.0000001*
0.001*
0.029*

In further examination of the relationship between AD-GR, EXT-GR, and the
alcohol outcomes over development, we performed secondary analyses separately by
sex. In males, the regression coefficient for EXT-GR begins low at age 12 (β = 0.06),
rising to a peak at age 14 (β = 0.17), decreasing at age 17 (β = 0.03), and then rising
slightly at age 22 (β = 0.08). In contrast, AD-GR starts at a moderate value at age 12 (β
=0.08) and then falls slightly at age 14 (β = 0.06), rising again at age 17(β = 0.92) and
reaches a peak value at age 22 (β = 0.12). The relationship between AD-GR, EXT-GR,
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and the alcohol outcomes over development for males is depicted in Figure 15b.
1
In
females, the
he regression coefficient for EXT
EXT-GR begins relatively higher at age 12 (β =
0.18), rising
ng to a peak at age 14 ((β = 0.28), and
nd then slowly decreasing from age 17 (β
( =
0.21) through age 22 (β = 0.06
0.06). In contrast, AD-GR starts at a relatively high value at
age 12 (β =0.12) that continues to increase at age 14 (β = 0.21), and reaches its peak
at age 17(β = 0.28) and decreases sli
slightly at age 22 (β = 0.190). The relationship
between AD-GR, EXT-GR,
GR, and the alcohol outcomes over development for females is
depicted in Figure 15c.

Figure 15.. Developmental Trajectories of Two Classes of Genetic Risk for Alcohol
Consumption
a) Sexes Collapsed
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Discussion
Epidemiological studies have demonstrated that the genetic influences on
alcohol-related
related outcomes have both an alcohol
alcohol-specific
specific component and a general
externalizing component (Kendler et al., 2001; Kendler et al., 2003). Until recently
(Kendler et al., 2010), the relative importance of these sets of genetic influences across
time remained unexamined. In consideration of twin study findings which indicate that
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the importance of genetic influences on alcohol use change across adolescence, we
sought to examine the relative contribution of each of these aspects of the genetic
influence, both alcohol specific influences and general externalizing influences, on
alcohol use across adolescence into young adulthood.
Our study used a population based, longitudinal sample of Finnish twins to follow
up on findings from a recent study (Kendler et al. 2010) that found that specific and nonspecific genetic influences on alcohol consumption have different development
trajectories. Supporting evidence from epidemiological twin studies, which suggested
that alcohol use and problems are influenced by both alcohol specific genetic risk
factors and externalizing genetic risk factors, we found that both alcohol-specific genetic
risk and general externalizing genetic risk predict alcohol outcomes from early
adolescence to young adulthood. Furthermore, and in accord with previous findings
(Kendler et al., 2010), we also found divergent developmental trajectories for specific
and non-specific genetic factors on alcohol use. Overall, we found more robust
prediction of alcohol outcomes with genetic risk for externalizing behaviors earlier in
adolescence (12-14) and a more robust prediction of alcohol outcomes with alcoholspecific genetic risk later in adolescence into young adulthood (17-22). These results
suggest that, in early adolescence, genetic influences on alcohol use and problems are
largely non-specific and may reflect a more general picture of largely adolescent-limited
externalizing behaviors (Moffitt, 1993; Moffitt et al. 2002). However, the alcohol-specific
genetic risk factors become more important than non-specific genetic influences in early
adulthood (Rose et al., 2003). This shift in genetic influences maps onto the typical
developmental timing for the onset of serious alcohol problems (Schuckit et al. 1995).
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In further examination of the relationship between AD-GR, EXT-GR, and the
alcohol outcomes over development, we performed analyses separately by sex. Overall,
the relative influence of AUD-GR and EXT-GR on alcohol consumption across
development was maintained; in early adolescence, genetic influences on alcohol use
and problems are largely non-specific and later in adolescence and young adulthood,
alcohol specific genetic influences on alcohol use are more influential.

However,

several interesting sex differences in the trajectories of these influences emerged. Most
striking is the relatively early influence of AUD-GR on alcohol consumption in females.
Twin studies have indicated that drinking frequency is heritable in girls at a younger age
than boys (Rose et al., 2001; Maes et al., 1999). The authors pointed to increased
alcohol use, pubertal timing, and having a greater number of older friends (that are
presumably providing drinking opportunities) as an explanation for these findings.
Perhaps this earlier access to alcohol and earlier evidence of heritability in drinking
frequency is related to the earlier influence of alcohol specific genetic risk for
consumption in early adolescence. Also of note is the relative influence of EXT-GR in
late adolescence and early adulthood. In females, risk for alcohol consumption at age
22 is largely influenced by AUD-GR, with EXT-GR playing a very small role. In males,
both AUD-GR and EXT-GR appear to substantively influence age 22 alcohol
consumption. Past studies have reported gender differences in alcoholic subtypes,
including an excess of women in internalizing subtypes and an excess of men in
externalizing subtypes (Epstein et al., 2002; Moss et al., 2007, Carpenter and Hasin,
2001 and Pombo and Lesch, 2009). Findings from the present study support these sex
differences. These differences correspond to gender differences in the prevalence of
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internalizing and externalizing disorders in the total population (Grant et al., 2004a,
Grant et al., 2004b and Stinson et al., 2005). The few studies that have examined
gender differences in the comorbidity of alcohol dependence have reported disparate
findings (Kessler et al., 1997; Alonso et al., 2004, Kramer et al., 2008).

Another notable difference between our findings and those of Kendler et al.
(2010) is the age at which alcohol specific genetic risk factors and externalizing genetic
risk factors shift in their relative importance. The most dramatic shift in genetic influence
on drinking frequency occurred around age 21 in Kendler's Virginia Adult Twin Study of
Psychiatric and Substance Use Disorders. However, this shift occurred around age 17
in the Finnish data. This may attributable to several factors, including the ages at which
the alcohol assessments were made in each of the samples (the males in Kendler’s
study were making retrospective reports of their drinking at a mean age of 40.3 years
[SD=9.0], whereas our reports were made prospectively), Although both studies
measure alcohol use across development, several studies suggest that there are
important recall biases in self-reports of past drinking behavior (Labouvie et al., 1997,
Engels et al., 1997; Prause et al., 2007). Lastly, there are both differences in the legal
drinking age and cultural norms regarding alcohol use in Finland and the United States
(Helasoja et al. 2004; Bloomfield et al, 2010).

These results should be interpreted in the context of several important limitations.
First, we used hierarchical linear modeling rather than structural equations modeling in
our analyses. We used this method because it allowed us to easily incorporate and
interpret data on parental psychopathology in our measures of genetic risk. However,
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this method lacks the precision to distinguish genetic from familial environment effects.
Second, although the present study uses developmentally-appropriate drinking
measures across time, there were differences in both how the question was posed to
the subject as well as response options available, which introduced measurement
variance. We addressed this in our analyses by examining the pattern of cross-sectional
effects over time, rather than fitting longitudinal growth models.
In summary, the present study replicates and extends past findings showing that
two classes of genetic risk related to alcohol use changes across time. Similar to past
work (Kendler et al., 2010), our findings indicate that alcohol-specific genetic risk factors
increase in importance across adolescence and early adulthood; in contrast, nonspecific genetic influences decrease in importance across this same period. Taken
altogether, these findings highlight the importance of taking a developmental
perspective on the role of genetic influences on alcohol use during adolescence and
young adulthood.
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GLOBAL CONCLUSIONS

Genetic studies of alcohol phenotypes provide an excellent example of the
challenges posed by the search for risk genes for complex behavioral and psychiatric
disorders. Decades of twin and family studies have demonstrated that there are critical
genetic and environmental components in the inheritance of substance use disorders.
We now know that there are a multitude of genes, each with subtle effects influencing
an individual’s risk for the development of alcohol use problems that likely interact
epistatically as well as with their environments (biological and external) to make an
individual more susceptible to the development of these complex disorders. Also, as our
understanding of substance use becomes more refined, we see that substance
dependence has a complex development that starts with initiation of use, or in some
respects earlier with impulsive behavior observed in adolescence (e.g. externalizing
problems, conduct disorder) and continues through the individual’s drinking career.
To date, researchers have had limited success in identifying all genetic variance
in complex human traits (“missing heritability”). To this end, many gene-finding
methodologies have been employed over the past few decades including linkage and
association. Linkage, candidate gene and genome wide association techniques have
provided few genetic risk variants that are consistently and robustly associated with
alcohol dependence. While there is no gold standard method that has successfully led
to the identification of all genetic variance in complex traits, promising new methods are
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currently being developed. While the task of developing and trouble shooting novel
gene-finding methods for complex traits is wrought with peril, it also provides an exciting
challenge for the future of the field. The present dissertation study attempts to add to
this trial-and-error process by testing variations on current gene-finding methodology.
There are several subtle conclusions to draw from this series of analyses; some that
may inform methodology and others that speak to the specific risk for alcohol use and
problems.
First, I believe that we can use information gained from other fields and methods,
such as behavioral genetics, developmental psychology and epidemiology to inform
genetic association studies for complex behavioral traits. While the twin and family
literature currently exists somewhat separately from the gene-identification literature, I
believe that this gap can be narrowed if new methodology is developed to combine the
strengths of these two methods. Hopefully, the analyses presented in this dissertation
have demonstrated novel ways in which these two methods can inform each other both
indirectly, by testing the same research question using two different methods, and
directly, by using genetic factor loadings from twin analyses as the outcome in genetic
association studies. A second overall conclusion that can be made from this series of
analyses is that different aspects of alcohol use appear to be mediated by different
genetic risk variants. We have demonstrated this at the latent genetic level in twin
studies as well as with molecular genetic data in GWAS. As scientists, we tend to
compartmentalize and potentially over simplify complex concepts in an effort to make
them measurable. This has been very useful in the context of understanding and
recognizing patterns in human behavior. However, it is likely that our biology does not
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respect these categories and distinctions. Further, it appears likely that several aspects
(and measures) of the “same” behavior or disorder are not necessarily equal.
Moreover, alcohol dependence symptoms are both phenotypically and genetically
heterogenous. There are many different routes to a disease like alcoholism. The likely
possibility that for every developmental trajectory that leads to alcoholism, there may be
an equivalent “biological-course,” indicates a degree of heterogeneity that is rarely
modeled/tested. Using biologically informed alcohol phenotypes (eg. genetic factor
scores) may improve the ability to detect genetic association by reducing some of this
heterogeneity. Perhaps the most important conclusion to draw from this dissertation
study is that certain environments moderate genetic influences on alcohol use and/or
dependence. Environments have the capacity to both mask and exacerbate genetic
influences. This is of immense importance to a disease like alcoholism, which
specifically requires an individual to initiate drinking behavior. While methodology and
statistical considerations required to properly test this have not yet been fully developed,
excluding gene-environment interactions from our models may pose serious challenges
to truly characterizing risk for alcohol use phenotypes.
In summary, the field of psychiatric genetics is trouble-shooting effective
methodologies for the identification of genetic risk variants that predispose individuals to
the development of complex behavioral disorders. Several challenges related to the
complex and polygenic nature of these phenotypes, must be considered. This
dissertation study sought to address these important challenges in the context of
alcohol use disorders and related phenotypes. In this dissertation several studies were
described that integrated twin methodologies into gene identification studies in an effort
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to 1) reduce heterogeneity (both phenotypic and genotypic), 2) elucidate environmental
constructs that moderate genetic influences, and 3) enhance our ability to detect the
subtle genetic influences on alcohol use and problems.
This dissertation has offered the field a novel approach to characterizing genetic
and environmental risk that integrates quantitative and molecular genetic methodologies
through a variety of analyses conducted in the longitudinal Finnish Twin Studies. This
study has integrated twin methodology and genome wide association to offer a method
that directly utilizes information gained at the latent genetic and environmental level in
genetic association studies. This latent information includes genetic factors derived from
twin models, which can be harnessed in genetic association studies and has the
capability of reducing the heterogeneity present in measures of alcohol consumption
and problems. In addition, these analyses suggest a new way to move the study of
gene environment interaction forward in testing for moderation at the level of aggregate
molecular genetic risk. In doing so, we examine the interaction between aggregate
molecular genetic risk and the environment that allows us to parallel the established
latent gene-environment interaction effects reported from twin studies. This method also
allows us to begin to more systematically characterize the specific environments that
are critical for moderating the importance of a genetic predisposition, and the ages and
developmental stages at which these gene environment interactions operate. This will
advance our understanding of how genetic risk unfolds across time, and how to reduce
risk among individuals carrying genetic predispositions associated with substance use
outcomes, which could be useful for prevention and intervention efforts.
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There are several future directions that each of these studies could improve each
of these studies and their related areas of research. First, further characterization of the
latent genetic factors derived from measures of alcohol consumption and problems
should be carried out. To this end, the relationship between genetic factors and
externally validating variables (related behaviors and disorders) should be explored in
order to more precisely interpret the role each of the genetic variants implicated by the
genetic association analyses has in the risk for alcohol use and/or problems. The geneenvironment interaction analyses carried out in this dissertation relied heavily on selfreported environmental constructs, measured only once in adolescence. Ideally, future
work would include more carefully considered environmental constructs measured at
the relevant stage of development for the outcome. While Finntwin12 is a rich
longitudinal twin sample, its utility in identifying individual genetic risk variants of small
effect is limited by the number of individuals in which molecular genetic data is available
on. Future directions should involve the inclusion of all twins in order to increase the
potential to detect genetic risk variants for alcohol use phenotypes. Most importantly, all
results including latent twin models (chapters 1 & 4), specific associated genetic
variants (chapters 2 & 3), aggregate genetic risk scores, and environmental moderation
effects (chapters 5 & 6), presented in this dissertation should be replicated in an
independent sample with comparable measures and ages of assessment.
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